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Abstract

Active charge balancing is an emerging technique to implement high performing
lithium-ion battery systems. Six new active balancing methods are proposed in this
thesis to overcome efficiency and power limitations of present balancing architectures.
The six methods are different but related in terms of their working principles.
Common to all, they rely on the use of non-isolated DC/DC converters and a
MOSFET switch-matrix. Depending on the power flow and the switch-matrix
configuration, they are able to balance arbitrary cells of a battery system at high
currents. Adjacent cells can be balanced simultaneously. The performance
comparison is based on batch numerical simulations using calculated and measured
efficiency values of DC/DC converter prototypes. The hereby engaged balancing
algorithms were implemented in MATLAB. In comparison with the introduced
methods, a classic active balancing method C2St2C (Cell-to-stack-to-cell) and
passive balancing were analysed as well. For the given system setting with eight
battery cells in series, the simulations show an overall balancing efficiency of up to
93.6%, compared to 89.6% for C2St2C and a reduction in balancing time by up to
27.5%. The usable capacity increases from 97.1% in a passively balanced system to
99.7% for the new methods which results in a 2.6% higher battery capacity. A system
simulation was set up to demonstrate the working principle of the new methods and
verify the numerical calculations. Finally, a hardware prototype was developed
which integrates two of the suggested balancing types. First tests have confirmed its
ability to actively balance the different state of charge levels of the cells in battery
system with high efficacy.
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Résumée

L'équilibrage actif de charge est une technique émergente pour mettre en ceuvre
des systemes de batteries lithium-ion tres performants. Six nouvelles méthodes
actives d'équilibrage sont proposées dans cet article pour surmonter les limites
d'efficacité et de puissance des architectures d'équilibrage actuelles. Les six méthodes
sont différentes, mais liées en termes de principe de fonctionnement. Commun a
toutes, elles sont basées sur des convertisseurs DC/DC non isolés et une matrice de
commutation MOSFET. En fonction du flux de puissance et de la configuration de
la matrice de commutation, elles sont capables d'équilibrer des cellules arbitraires
d'un systeme de batterie a des courants élevés. Les cellules adjacentes peuvent étre
équilibrées simultanément. La comparaison des performances est basée sur des
simulations numériques de lots utilisant les valeurs de rendement calculées et
mesurées des prototypes de convertisseurs DC/DC. Les résultats de la simulation
sont comparés a une méthode classique d'équilibrage actif C25t2C' (Cell-to-stack-to-
cell) et a un équilibrage passif. Pour un systéme donné avec huit cellules de batterie
en série, les simulations montrent un rendement d'équilibrage global allant jusqu'a
93,6%, contre 89,6% pour C25t2C et une réduction du temps d'équilibrage pouvant
atteindre 27.5%. La capacité utilisable passe de 97,1% dans un systeéme équilibré
passivement a 99,7% pour les nouvelles méthodes. Une simulation des systeémes est
mise en place pour montrer le principe de fonctionnement des nouvelles méthodes et
vérifier les calculs numériques. Enfin, un prototype a été développé qui integre deux
des types d'équilibrage proposés. Les premiers tests ont confirmé sa capacité a

équilibrer activement un systeme de batterie avec une grande efficacité.
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Zusammenfassung

Aktiver Ladungsaustausch bzw. Balancing ist eine aufkommende Technik zur
Implementierung leistungsstarker Lithium-Ionen-Batteriesysteme. In dieser Arbeit
werden sechs mneue aktive Methoden vorgeschlagen, um die Effizienz- und
Leistungsbegrenzungen der bisherigen Architekturen zu iiberwinden. Die sechs
Methoden sind unterschiedlich, aber in Bezug auf ihr Funktionsprinzip verwandt.
Allen gemeinsam ist, dass sie auf nicht isolierten DC/DC-Wandlern und einer
MOSFET-Schaltmatrix basieren. Je nach Leistungsfluss und Schaltmatrix-
konfiguration sind sie in der Lage, beliebige Zellen eines Batteriesystems bei hohen
Stromen auszugleichen. Angrenzende Zellen kénnen gleichzeitig ausgeglichen werden.
Der Performancevergleich basiert auf numerischen Batch-Simulationen mit
berechneten und gemessenen Effizienzwerten von DC/DC-Wandler-Prototypen.
Dazu notwendige Algorithmen wurden in MATLAB entwickelt. Die
Simulationsergebnisse werden mit einem klassischen aktiven Balancingverfahren
C25t2C (Cell-to-Stack-to-Cell) und mit passivem Balancing verglichen. Fir das
gegebene Systemsetting mit acht Batteriezellen in Serie zeigen die Simulationen
einen Gesamtwirkungsgrad der Balancingelektronik von bis zu 93,6%, verglichen mit
89,6% fiur C25t2C und eine Reduzierung der Ausgleichszeit um bis zu 27.5%. Die
nutzbare Kapazitat steigt von 97,1% in einem passiven System auf bis zu 99,7% fir
die neuen Verfahren, was einer Erhohung der Batteriekapazitiat von 2.6% entspricht.
Eine Systemsimulation demonstriert das Funktionsprinzip des neuen Verfahrens und
dient der Uberpriifung der numerischen Berechnungen. Zum Schluss wurde ein
Hardware-Prototyp entwickelt, der zwei der vorgeschlagenen Balancingmethoden
beherrscht. Erste Tests haben bestétigt, dass es damit moglich ist, die Ladezustinde
der einzelnen Zellen eines Batteriesystems mit hoher Wirksamkeit aktiv

auszugleichen.
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Preface

When 1 first started to read papers and technical documents on battery
management systems it was in the context of my ongoing R&D projects at the Zurich
University of Applied Sciences ZHAW in Winterthur. Soon, my attention was drawn
to active balancing methods. I found it obvious to recover excess charge during the
equalisation process and distribute it to the other cells in the battery system instead
of wasting that energy. The wish to estimate the benefit of active charge balancing
and the subsequent mathematical analysis represented the beginning of my thesis
related work.

I then decided to write my PhD thesis on active charge balancing for lithium ion
battery systems in cooperation with the IRIMAS laboratory of the University of
Haute Alsace UHA in Mulhouse. My motivation founds on three pillars. Firstly, my
position as a research associate at the Zurich University of Applied Sciences includes
the supervision of student research projects covering the field of battery systems and
energy storage applications. Such a task implies profound knowledge of the related
topics as well as constant advancement towards the latest technologies and
developments. Secondly, our institute’s R&D activities focus on national projects
with industrial collaboration. During the past five years I have worked on battery
management systems and power electronic design for several Swiss enterprises and
start-up companies such as Kyburz Switzerland, Menu System, Lenze Schmidhauser,
Gastros Switzerland, MPower Ventures, Energy Depot and Nexenic. This close
collaboration with industrial parties helped me a lot in my thesis related research
activities and provided valuable input from the implementation side. Besides that, I
believe to have contributed important findings for each project partner as a by-
product of my research. Finally and most importantly, my key motivation was my
personal interest in batteries, energy efficient applications and power electronic
circuits and my wish to contribute to a sustainable, energy responsible and

environmental friendly future.
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Introduction

1 Introduction

The intention of this chapter is to give an introduction into active balancing and

to point out the importance of a thorough and multi-objective analysis.

1.1 Motivation

Lithium-ion batteries (LIB) are in wide use today in a multitude of applications.
It is common knowledge that for a safe use and enduring performance, a battery
management system (BMS) is essential. However, what is less widely known is that
during each discharge cycle, some unused energy remains in the battery. This is not
due to technical design considerations, but to a phenomenon called cell-to-cell
variation (C2CV). Due to physical characteristics, individual battery cells in a stack
of multiple cells vary in capacity. In battery systems made from series connected
cells, this leads to an imbalance in the state of charge (SoC) during use.

The following example in Figure 1 illustrates this effect. Generally, the nominal
capacity of a cell C,, is equal to a state of health (SoH) value of 100%. If a cell has
a lower capacity when fully charged, either its Cyom is lower or its SoH value is less
than 100%. Figure 1 shows a configuration of two fully charged cells with different
SoH values (Cell #1 at 100% SoH and Cell #2 at 80% SoH). Although both SoC
are at 100%, the two cells store different amounts of charge. After a full discharge
cycle the weak cell reaches its discharge limit first, i.e. is completely empty. If the
battery is recharged after such a cycle, the charged state will not exactly be the
same as before. Different physical and chemical effects result in less and less energy
being stored in the cells over several cycles. In a real battery system, certain cells

will be close to their end of discharge level while others are almost fully charged.

After first full After x cycles
discharge cycle without balancing
#1 ‘#ZI l#ll #2 #1 |#2|
Initial differences in SoH End of Discharge End of Charge
and self-discharge rate defined by Cell #2 defined by Cell#1

Figure 1: Battery states without balancing
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Motivation

The technical solution to this problem is called "Balancing”. Simply put, balancing
restores the original state after each full charge (see Figure 2). Depending on the
configuration of the battery system and the type of cell, a certain amount of time
must be allowed for balancing during each charging cycle. In conventional balancing,

the affected charge is dissipated and lost. Therefore it is called passive balancing.

After first full After x cycles with
) discharge cycle balancing )
| —) | —) -
#1 #2 Wy " #1 #2
Initial differences in SoH End of discharge End of charge defined by
and self-discharge rate defined by Cell #2 Cell#1 and Cell #2

Figure 2: Battery states with balancing

Whereas passive balancing is able to keep a battery system equalized over many
use cycles, it is not capable of utilizing the remaining energy at the end of discharge
in some of the cells, as mentioned earlier in this section.

Here active balancing comes into play. To distinguish it from conventional
balancing, the terms "active” and "passive” have become established. Instead of
dissipating the excess charge in resistive networks as for passive balancing, active
balancing circuits are able to transfer it to other battery cells. During discharge, as

shown in Figure 3, this allows the complete usage of the stored energy.

After first full Charge transferred from b./
discharge cycle Cell#1 to Cell #2
W B8 &

Initial differences in SoH End of discharge End of discharge defined
and self-discharge rate defined by Cell #2 by Cell #1 and #2

Figure 3: Active balancing during discharging

During charging, the final state of the battery cells is identical for active and
passive balancing. However, active balancing allows much faster balancing times due
to the lower losses. Figure 4 shows the sequence for charging in case of active

balancing: Initially, the batteries are completely discharged (final state of Figure 3).
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The charging process has to be stopped in the second step because of Cell #2. At
this moment, the balancing unit starts to exchange charge between the two cells.

After some time, charging can be continued until both cells reach their full SoC.

Full charging Charge transferred from Charging
cvele Cell #2 to Cell #1 contmues
y—
Discharged state End of charge defined Cell #1 is charged and End of charge defined by
with SoC 0% by Cell #2 Cell #2 is discharged Cell#1 and Cell #2

Figure 4: Active balancing during charging

1.2 Structure of the thesis

The introduction into this work is given in this chapter by pointing out the
technical motivation for a thorough investigation of presently used and new active
balancing methods. In the next chapter, some important battery related topics are
discussed to create a common base for the reader and make the following chapters
more comprehensible. After that, the state of art in charge balancing is presented
with a focus on non-isolated balancing methods. Theory as well as patents and
realized applications have been considered. Chapter 4 contains calculations and
considerations of the active balancing potential and compares the performance to
passive balancing. Contrary to the hardware related chapters, only theoretical aspect
have been considered to make a statement about the maximum achievable benefits.

In Chapter 5, six new active balancing methods are developed and characterized.
The required simulation inputs and the associated balancing algorithms are
determined in Chapter 6. Furthermore, the implementation into the chosen
simulation tools and the simulation setup is explained. The development circle closes
with the hardware implementation of one of the proposed balancing methods in
Chapter 7. Here, commercially available electronic components are evaluated to
realise a high- efficiency balancing hardware.

Finally, Chapter 8 contains the collected simulation and measurement results. The
thesis is concluded with a technical discussion of the results and an outlook for the

active balancing technology.



Symbols and variables

1.3 Symbols and variables

Symbol Unit Description

C, Cruck, Chom Ah Capacity, available capacity, nominal capacity
E Expected value

1 A Current

m Number of cells in parallel

n Number of cells in series

Q, Quct, Quom C Charge, current charge, nominal charge
U \% Voltage

W J Energy

i Efficiency

y2; Arithmetic mean value

o Standard deviation




Technical background

2 Technical background

This chapter summarizes the most important historical milestones in the field of
rechargeable batteries. Furthermore, different battery related topics are explained

as they are supposed to be fundamental for the understanding of the whole thesis.

2.1 Historical retrospect

The history of battery research and usage is over 200 years old. Even before the
basic principles of electrochemistry were discovered, bright minds such as Luigi
Galvani, Alessandro Volta and Johann Wilhelm Ritter experimented with the
generation of electricity by bringing together different metals and liquids.

Their findings enabled the reliable use of electrical energy for the first time in the
history of mankind. However, the request for remote, mobile or uninterruptable
power supply did not start to grow until Werner von Siemens invented the electrical
generator in 1866. Very soon, many different user groups asked for electrical energy
to supply their electrical pumps, mills and lights. A development was triggered, in
which the performance of battery systems, both primary and secondary, has steadily

increased and which has continued to this day.

2.1.1 Early rechargeable batteries

In the 1850s, the physicist Wilhelm Josef Sinsteden and Gaston Planté worked
with the first lead batteries and used them to store electricity for telegraphic
experiments. Both men used lead plates as electrodes, which were given a certain
capacity by repeated charging and discharging. However, these batteries were not
yet suitable for industrial production. Thanks to the industrialization,
electrochemical energy storage developed rapidly. The dynamo and light bulb were
invented towards the end of the 19th century. The need to store electrical energy
grew rapidly. Lead batteries began to be produced industrially around 1880, when
Fauré applied for a patent to produce pasted plates for lead accumulators. For
decades, scientists and engineers improved the energy density and lifetime of this

battery type, and it remained unrivalled for more than 100 years. In the second half
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of the 20™ century, new technologies to store electro-chemical energy slowly emerged.
The Nickel-Cadmium (NiCd) battery was invented independently by Jungner and
Edison in 1899 and 1901 and roughly doubled the energy density of lead-acid
batteries when it was produced on a large scale from 1946 on. However, the
technology had its disadvantages: Cadmium is a toxic heavy metal and the battery
was unsuitable for many applications due to the so-called memory effect. Nowadays,
Ni-Cd batteries are only used in niche applications and have disappeared completely
from the consumer sector. Ongoing research on secondary cells lead to the invention
of a new technology called Nickel-metal hydride (NiMH) in 1967. Energy density,
environmental safety and durability could be increased significantly compared to
NiCd. The first consumer-grade NiMH cells became commercially available in 1989
and replaced NiCd in most applications.

Despite all the technical improvements of the past decades, the mentioned
technologies were not able to establish themselves along a wide front. Slow charging
speed, low charging efficiency and a low energy density limited the range of battery

powered applications until the invention of the lithium-ion accumulator.

2.1.2 The rechargeable lithium-ion battery

More than 25 years ago, in 1991, Sony and Asahi Kasei release the first commercial
lithium-ion battery. Since then, the energy and power density has steadily increased,
and such batteries have replaced other battery technologies in many areas.

A lithium-ion battery consists of two half cells. The first electrode has got a
LixMO, type layered structure, while the second electrode can be made of various
materials, most commonly graphite. During the charging process, lithium ions are
stored in the "lattice" of the graphite electrode. In charged state, the anode contains
a high concentration of intercalated lithium ions while the cathode is depleted of
lithium ions. During discharge, lithium ions leave the anode and migrate through
the electrolyte to the cathode while their associated electrons are collected by the
current collector to power an electric device, as illustrated in Figure 5. Lithium-ion
rechargeable batteries have a high nominal voltage compared to conventional
rechargeable batteries. Compared to NiIMH only one third of series connected cells
are required to deliver the same system voltage. They also have no memory effect,
a low self-discharge rate and an exceptionally high coulombic efficiency of up to

99.9% [1].
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o I 4 ™

Discharging

) ) Charging
@ re -l
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Figure 5: Electro-chemical processes in lithium-ion cell [2]

In terms of energy density, lithium-ion batteries are superior to conventional
battery technologies. The Ragone diagram, which is shown in Figure 6, is well suited
to compare different types of energy storage technologies. The x-axis defines the
specific energy density in Wh/kg whereas the y-axis represents the volumetric energy
density in Wh/1. Modern lithium-ion cells reach over 200 Wh/kg of specific energy
density.

350 F

Smaller Size

250 F
200 F
150 F

100 F
- Lighter Weight
—

Volumetric Energy Density (Wh/L)

O:n.lnlnnll P | TSN A T 1

0 50 100 150 200 250
Specific Energy Density (Wh/kg)

Figure 6: Ragone diagram of the discussed electro-chemical energy storage technologies

[3]

Besides the improvement of the lithium-ion battery, some concepts for novel
technologies with even higher energy densities and superior safety are under

discussion. Among the most promising are the lithium-sulphur battery, the lithium-

7



Battery management system

air battery and the solid-state battery. It is expected that the annual growth rate in

energy density of approximately 7% can be maintained for the coming decades [4].

2.2 Battery management system

Besides the battery cells, the battery management system (BMS) is the most
important part of a battery. Figure 7 shows how a BMS complements a conventional
battery system (red box) made from several cells in series. Wires from each cell level
connect to the BMS board (green box) where they enable the measurement of all
cell voltages. Alternatively, single cell balancer are sometimes used in large battery
systems to avoid the connection cables that would otherwise be required.. For
batteries with more than one cell in series, balancing is recommended and increases
the lifetime of a battery significantly. A mean of short-circuit protection is
mandatory and implemented here with a fuse. The microcontroller unit (MCU) and
current monitoring are optional but widely used especially for larger battery systems.
If a BMS can independently disconnect the battery from the load during fault state,
it is sometimes also referred to as “Protection circuit module” (PCM). For low
voltage systems, MOSFETSs are used almost exclusively as disconnecting devices. In

Figure 7, that device is represented by a normally-closed switch.

n cells battery system
— BMS
Fuse | | | | ______
Cn o | mcu |
1 r—_—_—_—_—_-.
: |
[ Load . : Monitoring |
. N I— _____ I
[————- bl
S — | . |
Switch T — | Balancing |
| |

-

Figure 7: Function blocks of a BMS and embedding into battery system

The most important task of a BMS is to protect the individual cells by keeping

them in a safe state and to prolong their calendrical and cyclical lifetime. This is



Technical background

especially important for lithium-ion battery packs containing several cells connected
in series. This type of battery must not be overcharged or over-discharged; otherwise,

the cells may be damaged (see [5]). Other tasks of a BMS are:

e Measuring of cell voltage, current and temperature (i.e. Monitoring)

e Charge equalization (i.e. Balancing)

e Battery condition estimation (SoC, SoH estimation, etc.)

e Detection and recording of short-circuit, over-voltage and under-voltage

e Load disconnection for short-circuit protection

To perform these tasks, the BMS monitors all cell voltages, the battery current
and the battery temperature in at least one place. These parameters are measured
using specially designed integrated circuits (IC). Most commonly, “analog front ends”
(AFE) are used. These are described in more detail in Section 3.6.1.

From the measured values, it is possible to calculate the state of charge (SoC)
and the state of health (SoH) of the battery. Various procedures are available for
this purpose, which are examined in more detail in Section 2.3.1 and 2.3.2.

Exceeding the maximally allowed cell voltage in lithium-ion cells can lead to an
overcharging of the cells and cause a thermal run-away if the protective measures
are missing or faulty. The same failure can also appear during a short circuit or
when operating the battery at overload condition. In contrast, going below the
minimum allowed cell voltage causes over-discharging and can also damage or
destroy the cell. Therefore, the cell voltage, the temperature and the current must
be kept within certain limits so that the cells can be operated safely.

Since lithium-based battery cells normally have a voltage in the range between
2 V and 4.3 V, they must be connected in series for most applications to obtain a
useful system voltage. Variations in the internal impedance and the initial state of
charge, different degradation and inhomogeneous temperature distribution in the
battery pack cause an imbalance in the charge distribution of the individual cells.
This means that certain cells have a higher voltage during charging and discharging
than others. This imbalance affects the lifetime of the battery system, as it can lead
to overcharging or over-discharging of individual cells. Another negative effect of the

imbalance is that the nominal capacity of a battery system cannot be fully utilized.



Battery state estimation

At the time when large battery systems were made from lead-acid or NiCd/NiMH
cells, uneven charge distribution was a minor issue. Overcharging these cells with
the usual low charging currents would lead to a relatively harmless increase in
charging losses and gas evolution. Lithium-ion cells, however, are much more
sensitive to overvoltage. Therefore, a BMS with charge balancing function is required
to protect the battery system against damage and premature battery failure. The
balancer ensures that all cells are charged to the same SoC. Passive balancing has
been the method of choice in the past and is based on a resistive circuit to dissipate
excess charge and thereby equalize the charge in the cells. Major drawbacks of
passive balancing are a rather high balancing time due to the limited heat dissipation
and a reduction in overall charging efficiency. Today, as the demand for large
lithium-ion based battery systems increases, these drawbacks become more

important to the designers of battery powered devices.

2.3 Battery state estimation

A battery cell is a complex, highly nonlinear electrochemical system. However,
only a few parameters such as cell voltage, current and temperature can be measured
directly. For this reason, the characteristic values SoC and SoH have been defined,

which are determined by measured values.

2.3.1 State of charge (SoC)

The state of charge is the remaining charge C,. in a battery and is expressed as a

percentage of the nominal capacity Chom.

Cact

SoC(%) =

-100% (1)

nom

Different methods exist in literature for determining the state of charge. Detailed
reviews are available in [6], [7] and [8]. Instead of SoC, the term “State of Discharge”

(SoD) may be used (see [9]), which is defined as:

SoD(%) = 100% — SoC(%) (2)
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This section briefly introduces the most popular methods, which are:

e Look-up table for C-V characteristics
e (Coulomb counting or current integration method
e Electric equivalent circuit model

e Kalman filter

2.3.1.1. Look-up table for C-V characteristics

The voltage that is present at the battery terminals depends on the SoC. This
correlation has been used for decades to indicate the SoC of primary and lead-acid
batteries. However, not only does the SoC affect the terminal voltage but also other
parameters such as the internal resistance and the chemical reaction time constants.
Figure 8 and Figure 9 show the capacity-voltage (C-V) curve of two lithium battery
types at different discharge currents. The effect of the load current on the terminal
voltage cannot be neglected: In Figure 8, a terminal voltage of 3.6 V appears at
either a full or almost empty battery depending on the load current. For LiFePO,
cells, the gradient of the C-V curve is 2 mV/%SoC which is not enough to make a
statement on the SoC with the available monitoring equipment. Therefore, look-up
table based SoC estimation is not suited for high-current or LiFePO, applications.

Sufficient accuracy can only be achieved by adding a current compensation.

50 40
CHARGE CONDITION: CVCC*?, 4.2V max. 0.7t (1925mA), 50mA cut-off at 25deg.C
DISCHARGE CONDITION: CC*3, 2.5V cut-off at 25deg.C 35
4.5 30 \
s 2.01t (5500mA) 1,01t (2750mA) % 25 \\
= : 0.21t (550mA) %0 \‘
] , 2 20
[©} = .
k- 2
<] 15
>
10 4]
— 1A 30A
05 4] —— 100 —— 401
DU T T T T
0 500 1000 1500 2000 2500 3000 00 05 10 15 20
DISCHARGE CAPACITY [mAh] Capacity (Ah)
Figure 8: C-V characteristic of NCA- Figure 9: C-V characteristic of LiFePO4
type Li-ion cell [10] cell [11]
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2.3.1.2. Coulomb counting

The current integration method, also called “coulomb counting”, is based on
current measurement and its integration. The charge that flows into or out of the
battery is added or subtracted from the initial SoC. Consequently, the SoC is

calculated according to (2):

N Y 1At .
nom

The disadvantage of this method is that even a small offset in the current
measurement over a certain period of time leads to a significant error. Due to the
limited sampling rate of the measuring system, rapid current changes also cause
inaccuracies. In addition, the self-discharge of the battery cannot be detected by the

current integration method.

2.3.1.3. Electric equivalent electric circuit

This method uses an electrical equivalent model to determine the open circuit
voltage (OCV). By using an OCV-SoC characteristic as shown in Figure 64, the
charge status can be estimated.

In the field of battery cell modelling, a lot of research has been carried out in
recent years. A simple electrical model based on RC elements is the Thévenin model
described in [12] and shown in Figure 63. All parameters of the model are dependent
on SoC, cell temperature and current; which makes their determination complex.
One approach is to fit the parameters based on cell measurement data at different
operating points and store them in a multi-dimensional lookup table [13]. With the
corresponding parameters for the current operating point, the model allows the open-
circuit voltage to be calculated at any time according to equations (3) and (4). It
can be built up with any number of RC-elements to increase the accuracy.

However, the exact estimation of the SoC is difficult because of the flat OCV-SoC
characteristic of certain lithium-based cells, especially for LiFePO4. Measuring errors
of the cell voltage in the order of 10 mV can lead to deviations of up to 20% in the
estimation of the SoC [14] depending on the discharge current and temperature. This

applies especially in the flat part of the curve between 40% and 60% SoC.
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2.3.1.4. Kalman filter

The methods described in the previous sections form the base for combined
methods such as the Kalman filter method. The SoC determined by the coulomb
counter is corrected by an extended Kalman filter, which compares the measured
voltage with the calculated voltage ([15] and [16]). This method is very powerful and
versatile. It provides good accuracy for SoC estimation without the need of
measuring equipment with accuracies below 1%. For detailed information about

Kalman filters see [17], [18] and [19].

2.3.2 State of health (SoH)

The chemical processes taking place in the cell also cause ageing without the
battery being used. This process is called calendric ageing. In addition, degradation
happens from the charging and discharging cycles of the battery, which is referred
to as cyclic ageing. Both types of ageing depend on temperature, whereas cyclic
ageing also depends on current intensity and the depth of discharge (DoD). As ageing
progresses, the cell capacity decreases and the internal resistance increases.

If a lithium-ion battery is operated correctly, it delivers an average of 500-1000
cycles before it has lost 20% to 30% of its capacity, which corresponds to a SoH
values of 70% to 80%. At this state, a battery is usually no longer considered usable.
There are several definitions of the SoH due to the different ageing mechanisms. The
most common ones are based on the loss of capacity SOHc and the increase in

internal resistance SOHg [13]:

C Ryom — R
SOH (%) = C“—“ 100%, SOHg(%) = 100 + —2= 9. 100 (4)

nom Rnom

2.4 Battery modelling

The terminal voltage of a battery varies as it is charged and discharged, exhibiting
a nonlinear correlation with the battery SoC. The aim of modelling is to achieve the
most efficient replication of the real system, which reproduces all relevant effects
with sufficient accuracy. Thus, it is important that a battery model reflects the

voltage change as a function of the SoC. Today, computer simulations are often used
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to design battery storage systems and optimize operating strategies. The simulations
are based on suitable battery models that reproduce the relevant properties with
sufficient accuracy. The models can be used, for example, to draw conclusions about
the usable energy and the thermal losses occurring under various operating
conditions. This is helpful in determining the required nominal capacity of the

battery and the dimensioning of the cooling system.

2.4.1 Type of models

Lithium-ion battery models can be divided into three main categories:
Electrochemical ([20], [21], [15]), electrical ([22], [23], [24]) and mathematical ([25],
[26], [27)).

2.4.1.1. Electrochemical models

With this type of model, the structure of the individual materials inside the
battery are reproduced as accurately as possible. The potential and diffusion
gradients in different spatial directions are mathematically described by means of
several coupled differential equations. The highly complex modelling approaches can
seldom show their potential in practice, since the numerous parameters, such as
diffusion coefficients of the individual materials and their dependence on temperature

and ageing, are difficult to determine.

2.4.1.2. Electrical equivalent circuits

These models are based on a network of resistors and capacitors connected to a
controllable voltage source and called electrical equivalent circuit (EC). The
advantage of this modelling method is its high flexibility. Simple adaptation of the
model complexity to the requirements of the respective application is possible.
Detailed models achieve a precise replication of the individual electrochemical effects,
while highly simplified models with only a few resistances and capacitances allow
very fast calculation on low-end computing hardware such as MCU. In complex
systems, like a complete vehicle simulation, this can often be more important than
the high-resolution simulation of the battery dynamics. By further optimization of
the calculation effort, the battery model is even able to be calculated in parallel with

the system in use. This establishes new possibilities for many different applications.
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2.4.1.3. Mathematical black box models

Mathematical black-box models include all approaches based on mathematical
models that link the input and output variables of a battery storage device according
to empirical findings. This includes analytical terminal voltage models but also more
complex approaches such as stochastic battery models, neuronal networks or fuzzy
logic, which are trained based on recorded measurement data. Excluded are the EC

models described in the previous section.

2.4.2 Electrical model data acquisition

The required electrical data for the different models includes OCV curves and the

values of the EC parts. The integration into the electrical model is described in e.g.

[28] and [29].

2.4.2.1. OCV measurement

The equilibrium voltage of a battery in an uncharged idle state depends mainly
on its SoC. The more charged the battery, the higher the open-circuit voltage. This
can be measured after a certain waiting time at the terminals, when all dynamic
reactions have ceased. Waiting times of up to several hours are required. In [30] a
common procedure for recording the OCV characteristic curve of a battery is
described: It involves systematic discharging or charging with pauses of several
minutes to hours between step sizes of 0.5% to 5% of Cuem. The voltages that appear
after each waiting pause are then used as reference points for the open-circuit voltage
characteristics. Depending on the number of sampling points and the length of the

waiting pauses, such a measurement takes several days.

2.4.2.2. Battery impedance spectroscopy

A modern method to derive the different parameters for electrical equivalent
circuit models is impedance spectroscopy (see [31] and [32]). Additionally, the ageing
effects in battery cells can be determined from the hereby-acquired measurement
data. Impedance spectroscopy does not only deliver the DCR of a cell, but also
information on series inductance and parallel capacitance. In theory, the SoC and
SoH values can be estimated only from the impedance curve if a set of reference

curves of the same cell is available [33]. The procedure is illustrated in Figure 10.
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"Zrl

Figure 10: Ideal impedance spectrum of a lithium-ion cell and an EC with three RC-

elements [31]

2.5 Battery ageing

The period between the manufacturing date of a rechargeable battery (Begin of
Life, BoL) and the time when previously defined values are undercut due to ageing
(End of Life, EoL) is called service life. It provides information on how long a battery
can be used for energy storage for a certain application without considerable
performance losses. It is difficult to give an exact time value for the service life since
it depends on many factors as explained in the previous sections. The ageing process
is divided into a calendric and a cyclic ageing part. The value of charge and discharge
current is usually found to have the biggest effect on battery ageing. Figure 11 shows
the results of capacity and DCR measurements at different current rates [34].
Although the investigated cell was a high power cell and therefore suited for high
charge and discharge currents, the lowest and highest cycle numbers differ from each

other by a factor of five.
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Figure 11: Effect of cycle ageing of a LiFePO4 battery at different current rates on
remaining capacity (a) and DCR (b) (red: 1C, green: 5C, blue: 10C, violet: 15C) [34]

Figure 12 shows the effect of calendric ageing on the cell capacity and internal
resistance at different temperatures [35]. The tested items were 18650 type NMC
cells. Graphs with the same colour represent different samples. A cell stored at a
temperature of 50°C and a SoC of 50% loses approximately 15% of its initial capacity

within one year.
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Figure 12: Calendric ageing: Normalized capacity over time (a) and normalized

resistance over time (b) [35]
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3 State of art of balancing methods

This chapter presents the research conducted on balancing methods so far, as well
as the technical solutions provided by industry. The following sections give an
overview of the most important and interesting balancing methods and their

characteristics.

3.1 Definition of terms

In the past, the terms “Passive balancing” and “Active balancing” have not always
been used consistently. In the introduction of [36] from 2008, “Passive balancing”
was meant for battery cells, where internal chemical processes ensure that no
undesirable, potentially dangerous processes can occur even in the event of
overcharging. In such cells, the excess energy is converted into heat in the battery
or degraded by outgassing. In practice, this type of balancing can only be applied to
overcharge-resistant lead-acid, NiCd and NiMH batteries. In another early
publication on LIB balancing, the term “Natural balancing” is used for the balancing
[37]. “Active balancing”, on the other hand, represented an external balancing circuit
with a transistor as an active element to e.g. connect a shunting resistor to the cell.

With the emergence of regenerative balancing circuits and the extinction of self-
balancing accumulator technologies, the meaning of the term changed. In 2010,
Cadar et al. [38] used the following definition: The circuits formerly known as
“Active Balancing” are now called “Passive Balancing” and the difference is no
longer defined by the presence of an active component but on whether the balancing
process is dissipative (referred to as passive) or recuperative (active). This
nomenclature has established itself as a standard in modern literature and will be

used in this thesis.

3.2 Overview

In 2014, Gallardo et al. classified all previously known methods of cell balancing
in an extensive review paper [39]. In total, 24 different balancing architectures are

described and compared. Many of these methods exist only in theory and have never
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been built in hardware not to mention proven themselves against approved
techniques. Their classification distinguishes five groups that differ from each other
by the direction of the charge transfer: Cell bypass, Cell-to-Cell, Cell-to-Pack, Pack-
to-Cell, Cell-to-Pack-to-Cell. Figure 13 shows the complete list from the mentioned
review paper. In the following sections, the most important methods are presented

in more detail.

[Balancing Methods]
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v v v v v

Cell Cell to Cell Cell to Pack to Cell to Pack to
Bypass Pack Cell Cell
Shared Distributed
methods methods
v ¥ 4 p l
Complete Switched Shunt Voltage PWM Bl;l[:ﬁtzim?sal
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| [ [ [ T [
Shunt resistor Double-tiered Boost Full-bridge swisfh(:,d Bldlre«::t.lonal
sw. capacitor shunting converter ! multi-sec.
capacitor winding
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Shunt Crik Multiple Multiple }tr:lghed
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converter transf. F—
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Resonant Switched S iz
converter transformers transformers

Figure 13: Classification of different active balancing methods acc. to [39]

The spider charts that are presented in the following sections are based on the
classification given in Table 1. The rating parameters are defined as follows based

on a BMS for eight cells (higher is better):

e Estimated cost of balancing circuit components

e Control and implementation complexity

e Charge equalization speed

o Expected balancing efficiency

e Space requirements (Switch-matrix (SWM) and transformer (Tr) are the

relevant parts)
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e Power rating of the considered design

Table 1: Classification table for rating of balancing methods

Parameter /

) 1 2 3 4

Rating
Cost =>35€ <35 € <20 € <10 €

. SWM / Multi- SWM / Multi-  Simple FET No Tr.
Complexity C .

winding Tr + uC  winding Tr control Analog control
Speed > 10 h >5h >1h <1lh
Efficiency < 50% < 5% < 8% > 85%
Tr + SWM or No Tr
Si T L SWM T SWM
e r+ Large large SWM Lo No SWM

Power <02 A <1lA <3 A >3A

Other literature with performance comparison of different balancing methods is

described in Section 3.3.

3.2.1 Passive or shunting balancing

Passive balancing is widely used in today’s applications. The working principle is
described in almost every book about battery systems (e.g. [14], [40] or [41]).
Technically, the main elements are a power resistor and a controllable MOSFET
switch. During the charging process, the voltage of each cell or cell level is
continuously monitored by the BMS. As soon as a cell voltage exceeds the balancing
threshold, the MOSFET is turned on to create a cell bypass. Consequently, charge
is dissipated through the resistor, which discharges the cell slowly. The BMS keeps
the switch closed as long as the cell voltage remains above the balancing threshold.
This safety feature can also run in analog electronics without the need of a micro-
controller. Depending on the charging status and the power rating of the balancing
circuit, the battery charger current must be reduced or turned off completely. Figure
14 shows the electric circuit on the left side and the spider chart on the right side.

The method is very simple and provides balancing at a very low cost.
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Figure 14: Passive balancing with dissipative element (a) and its spider chart (b)

3.2.2 Active balancing

In recent years, many active balancing solutions have been introduced. These are
able to overcome the efficiency issues of passive balancing and transfer charge
between individual cells at high efficiency. They represent a promising possibility of
enhancing the energy efficiency and eco friendliness of lithium-ion battery systems.
Unlike passive balancing, they can also be used during the discharging process and
increase the usable battery capacity. The charge transfer paths of the different active
balancing types known from Figure 13 are shown in Figure 15. Cell-to-Cell applies
if the proposed balancing circuit is able to directly transfer charge between arbitrary
cells. Any technology that transfers charge from or to a cell using the battery stack
as an energy storage is called Cell-to-Stack, Stack-to-Cell or Cell-to-Stack-to-Cell.
Passive balancing is referred to as Cell-to-Null because the charge is not recuperated.
The Cell Bypass method does not show up in the figure as there is no charge transfer
involved and the method only works if a load current is apparent. More information

on these balancing methods can be found in Section 3.2.3.1.
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Figure 15: Charge transfer paths of different balancing methods

3.2.2.1. Switched capacitors

One of the first active balancing topologies was the use of switched capacitors
(Figure 16). This method uses capacitors to shift the charge from one cell to another.
There are several modifications like double-tiered switched capacitor ([42], [43] and
[44]) or single switched capacitor [45] to name the most important ones. The single
switched capacitor variant is a cost-optimized implementation of the switched
capacitor principle with the disadvantage that charge equalization requires more
time.

According to (5), the transferable charge () is defined by the voltage difference
U, — U,between the cells and the capacitance of the capacitor. Hence, for small
voltage differences, the switched capacitor method is slow. Charge can be transferred
between adjacent cells at a limited speed defined by the capacitor size and the
switching frequency. A modification of the circuit towards the double-tiered switched

capacitor method accelerates the charge transfer by a factor of four [39)].

Q= CWU —-Uy) (5)
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Figure 16: Standard switched capacitor topology [5] (a), Double-tiered switched

capacitor topology [5] (b) and Single switched capacitor topology (c)

New developments in the field of switched capacitors are being driven forward by
IC manufacturers. For certain conversion ratios, e.g. from 48°V to 24 V, the

efficiency of such converters goes up to 99% (see [46]).

3.2.2.2. Switched inductor or boost shunting

Similar to the switched capacitor topology, charge can be transferred between
adjacent cells by using inductors instead of capacitors. Technically, switched
inductor circuits conform to inverting buck-boost converters or boost converters.
The switched inductor method was first proposed in the early 21 century by Hsieh
et al. [47] and Zhao et al. [48] when they introduced the multi-switched inductor
balancing shown in Figure 17. The circuit operates in the discontinuous current
mode (DCM) which simplifies the control of the buck-boost converter and keeps the
complexity low. Another type of implementation is the single switched inductor
method which was described in [49] and reduces the number of inductive components.
The comparative spider chart of these two methods is shown in Figure 19.

A related method was proposed by Xu et al. in [50]. The chosen technology uses
coupled inductors instead of single inductors. Because the circuit operates in two

different schemes (inverted buck-boost converter and flyback converter), the number
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of windings in the transformer can be halved compared to the topologies described
in Section 3.2.2.3.

Instead of connecting only one cell to the inductor, Kauer et al. proposed the
“Many-to-many” topology in [51]. The advantage of the circuit is the ability to

balance adjacent groups of cells simultaneously.
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Figure 17: Multi-switched inductor topology [52] (a) and Single switched inductor
topology [39] (b)

Switched capacitors

—DT sw. capacitors Switched inductors

——Single sw. induct
Single sw. capacitor mngle sw. incuctor

4Cost 4Cost
3 3
Power 2 Complexity Power Complexity

1
0

Size Speed Size Speed

Efficiency Efficiency
Figure 18: Spider chart of switched Figure 19: Spider chart of switched
capacitor topologies inductors topologies
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3.2.2.3. Switched transformers

The methods mentioned above are suitable for exchanging charge between
adjacent cells or from cell to cell. In order to balance arbitrary cells or to use the
battery stack as a buffer, a number of methods have been published which can all
be summarized under the term ”switched transformers”. Figure 20 shows the
implementation with multiple flyback converters. There are several options
regarding the connection and interfacing of the flyback transformers. Unidirectional
flyback converters require a diode at the secondary side to prevent current flow in
the reverse direction. For bidirectional converters, controllable switches on both side
of the transformer are necessary, which doubles the amount of gate drive circuits
unless a multi-winding transformer is used. The switches pictured in the following
figures are assumed to be N-MOSFETSs with an integrated body diode.

Flyback converter based balancing methods can theoretically be implemented with
any other isolated DC/DC converter such as forward converter, half-bridge converter
or full-bridge converter. However, although the flyback converter has a rather low
efficiency of around 90% under the given operating conditions, it outperforms these
other topologies in terms of cost, control effort and complexity and fits well with

low-voltage and low-power applications.

(a) (b) (c)
e N

' Ei:;
A

'
K

—

Figure 20: Flyback with multiple transformers: Cell-to-stack (a), Stack-to-cell (b) and
bidirectional Cell-to-stack-to-cell (c)

Instead of multiple transformers, one multi-windings transformer can be used to

achieve the same balancing features (see Figure 21). Though the number of

transformers is reduced from n to 1, but the complexity and cost of this transformer
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increases, especially for higher winding numbers. For some designs (e.g. stack-to-cell)
the secondary current cannot be controlled but naturally flows into the cell with the
lowest voltage or eventually divides between several cells. The single switched
transformer method shown in Figure 21 uses only one simple flyback transformer

with the limitation of being dependent on a switch-matrix.
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Figure 21: Flyback with multi-windings transformer (Stack-to-cell) (a) and with single

switched transformer (Cell-to-stack-to-cell) (b)
Figure 22 and Figure 23 show the spider charts for six different flyback converter

based balancing methods, distinguishing unidirectional as well as bidirectional

methods.
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Figure 22: Spider chart of unidirectional Figure 23: Spider chart of bidirectional
flyback converters flyback converters

3.2.2.4. Buck-boost converter with energy tank (Super capacitor converter)

This method is a variation of the switched transformer topology. Instead of the
battery stack, an additional energy storage is used. Implementations have used
super-capacitors [53] and a 12 V battery ([54], [55]). The circuit diagram is shown
in Figure 24. The use of a non-isolated bidirectional buck-boost converter enables
high transfer efficiencies. However, losses appear both during charging and

discharging of the energy storage device.
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Figure 24: Active balancing with buck-boost converter (a) and its spider chart (b)
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3.2.2.5. PWM converter

The PWM converter method uses one MOSFET half-bridge element and one
inductor for each cell level. Given a sufficient voltage rating of the MOSFET devices,
this topology scales very well with a variable number of battery cells in series. High

efficiencies were achieved in experimental tests ([56] and [57], see also Table 3).
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Figure 25: Active balancing with PWM converters (a) and its spider chart (b)

3.2.2.6. Citk and resonant converter

Basically, any power conversion stage can be used as a charge transfer converter
for active balancing. T'wo interesting options are the Clik converter and resonant or
quasi-resonant converters shown in Figure 26 and Figure 27, respectively. Although
their complexity and part count is rather high, they convince with good efficiency

and high power rating as illustrated in the spider chart in Figure 28.
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Figure 28: Spider chart of Ciik and resonant converter

3.2.3 Other methods for battery balancing

All previously presented balancing methods are independent of the load or
charging current of the battery. In this section, a set of alternative methods is
introduced. They control the current flow in each cell and thereby equalize the whole
system. In general, these methods require expensive hardware, as they need to be

designed for the nominal current of the battery.
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3.2.3.1. Low-loss cell bypassing

Another way to balance battery cells is non-dissipative bypassing. Individual cells
are separated from the charge or load current by means of electromechanical or
semiconductor switches. Figure 29 shows a possible implementation based on [58].

Other possible circuits are given in [59] and [60].
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Figure 29: Cell bypassing for three cells [58] (a) and its spider chart (b)

3.2.3.2. Full-bridge converters

Bidirectional full-bridge converters used as a power interface to the load or charger
work also like balancing units. Figure 30 shows the electric implementation and the
corresponding spider chart. These full-bridge converters have the full battery power
rating and can be connected in series to provide the required battery voltage.
Compared to the method in 3.2.3, full-bridge converters are able to provide a
constant system voltage even in case of disconnected battery cells. Therefore, they
are under discussion for battery systems consisting of 2" life cells. Implementations
were shown in [61] and [62].

Another possible application for full-bridge converters is as power-stage for

intermodule-balancing.
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Figure 30: Full-bridge converter schematic for three cells (a) and its spider chart (b)

3.2.4 Summary

All power electronics converters presented in this section and intended as
balancing units are listed again in Table 2. For each converter type, the
corresponding balancing type is referred to. If existing, the isolation device and

energy storage is mentioned as well.

32



State of art of balancing methods

Table 2: Overview of power converter based active balancing methods

Converter type

Reference section

Isolation device

Type of balancing

Energy storage

Switched capacitors 3.2.2.1 None Cell-to-cell Capacitor
Switched inductors 0 None Cell-to-cell Inductor
Multiple transformers Cell-to-stack [63], [64]
ell-to-stac ,
Flyback converter 3.2.2.3 Multi-windings transformer Transformer leakage
Stack-to-cell [65], [66] inductance
Switched transformer
Multiple transformers Transformer leakage
Bidirectional flyback
3.2.2.3 Multi-windings transformer Cell-to-stack-to-cell [67] inductance
converter
Switched transformer Battery stack
Single converter 3.2.2.3 Transformer Cell-to-cell None
Cik converter 3.2.2.6 None Cell-to-cell Inductor
Resonant converter 3.2.2.6 None Cell-to-cell Inductor
PWDM half-bridge 3.2.2.5 None Cell-to-stack-to-cell [56] Inductor
Supercapacitor 3994 None Cell-to-tank-to-cell [53] Supercapacitor or separate
converter (Buck-boost) battery (referred to as tank)
Low-loss bypassing 3.2.3.1 None N/A None
Full-bridge converter 3.2.3.2 None N/A None
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3.3 Performance and feature comparison

The focus of this thesis lies on a new set of balancing methods based on non-
isolated DC/DC converters. This section summarizes the works published so far on
similar methods. Some important patents of non-isolated balancing circuits are

available in Section 3.5.4.

3.3.1 Rating balancing methods according to review papers

The publications containing comparison of different active balancing methods are
briefly described hereafter. Spider charts from three reviews ([39], [68] and [69]) have
been created according to the ratings given in the cited documents. Although some
of the results differ greatly from each other, the tendency is obvious, that designs
which include transformers suffer from higher costs.

The previously mentioned review in [39] reveals “Complete shunting” (Low-loss
bypassing), “Switched capacitor” and “DT Switched capacitor” as the top

performing methods. The complete spider chart is shown in

Passive —Sw. inductors
——Bypassing —Single sw. inductor

Sw. eapacitors —Full bridge converter —Cuk converter

DT Sw.capacitors ~——Multiple transformers Resonant converter
—Single sw. capacitor Multi-winding transformer PWM Converter

—Bidireet. Multiple transformers
—Switched transformer

Cost Cost Cost

2

Complexity  Power — \ Complexity
T

~

Power Complexity  Power

\
Size ~ Speed Size _~ Speed Size \ Speed

Efficiency Efficiency Efficiency

Figure 31: Evaluation of 15 balancing methods according to [39]

Daowd et al. [68] have compared eight different active balancing topologies in
terms of balancing time, losses, size requirements and cost using MATLAB/Simulink.
The analysis is illustrated in Figure 32 as a four-fold spider chart. Passive balancing

was found to be superior in terms of size and cost, whereas the supercapacitor
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converter method exhibited the fastest balancing performance. The lowest losses are

incurred by the single switched capacitor method.

Cost

——Passive
——Switched capacitors
—Switched inductors

Double tiered capacitors

Size Losses

—Single switched capacitor

—Single switched inductor

SC Converter

Speed

Figure 32: Evaluation of seven balancing methods according to [68]

In [38], eight balancing methods are described but not rated. Caspar et al. [69]
used measured cell data and a model-based SoC algorithm to simulate the
performance of 10 active balancing methods. According to their findings, the Ciik
converter method achieves the highest results in terms of balancing efficiency and
time (see Figure 33).

Efficiency )
4 —Passive

—— Switched capacitors
3 ——Double tiered capacitors
Single switched capacitor
—Single switched inductor

/ ——SC Converter
\ Switched transformer

Multi transformers

- : Cuk converter
Speed Power

Figure 33: Evaluation of seven balancing methods according to [69]

Cao et al. [36] analysed 14 different types of active balancing circuits and found

that the most effective use case is the charging of cells (positive balancing). Only
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the switched capacitor methods were as well suited for discharge mode. More reviews

with a focus on EV batteries are available in [70] and [71].

3.3.2 Rating of balancing types and algorithms

Most research papers on active balancing focus on power electronic circuits to
optimize some of the functional parameters of modern BMS such as equalization
speed, balancing losses and battery life. There is only little work on algorithms and
performance comparison of different balancing architectures. Although many authors
present simulation results, their reproducibility is limited due to the dozens of
battery cell and system parameters.

Baronti et al. [72] have compared the most common balancing types (cell-to-stack,
stack-to-cell, cell-to-stack-to-cell and cell-to-cell) by numerical simulations in terms
of balancing losses and equalization speed. They found the cell-to-cell architecture
to deliver the best performance. Interestingly, for low efficient stack-to-cell circuits,
the losses can exceed the ones that would arise from passive balancing. Figure 34 (a)
shows the probability density function of the balancing losses and its dependence on
balancing efficiency. In Figure 34 (b), the balancing losses normalized to passive

balancing are plotted as a function of the balancing efficiency.
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Figure 34: Probability density of classic active balancing method losses (a) and expected

losses as a function of the balancing efficiency (b) according to [72]

3.3.3 Efficiency measurements of balancing prototypes

In Table 3, the available performance data from measurements of active balancing
prototypes is given. Lee et al. have compared active and passive balancing HW also

during charging and found a reduction in charging losses of 64% [63]. The maximum
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balancing current that is found in literature is 4 to 5 A [73] and 10 A [55]. Most
prototypes deliver up to 2 A at an efficiency between 80% and 90%. The information
about extra discharge capacity, where it is given, should be treated with caution

since it highly depends on the capacity distribution of the battery cells.

Table 3: Published performance data of balancing prototypes

Architecture Max. Max. Extra Isolated
balancing balancing discharge
current efficiency capacity

Switched inductor [74] 0.8 A 80% N/A No

Single switched capacitor [75] 2 A 83% N/A No

Supercapacitor converter [76] 1A 90% N/A No

Supercapacitor converter [55] 10 A 85% N/A No

Switched inductors [52] 1A N/A N/A No

Switched inductors [73] 5A 85% N/A No

PWM converters [57] 0.5 A 92% N/A No

Cell bypass [59] N/A > 90% N/A No

Multiple flyback converters [77] 1.5 A 80% 1% Yes

Multi-windings transformer [65] 4 A 90% 15% Yes

Multiple transformers [78] 4A 88% N/A Yes

Switched transformer [63] 0.25 A 70% 2.7% Yes

Switched transformer [79] 2 A 81% N/A Yes

ZVS Converter [80] 0.3 A 89% N/A Yes

Bidirectional converters [79] 2 A 82% N/A Yes

3.4 Cell-to-cell variation of lithium-ion batteries

The distribution of the battery cell capacities must be known to make a statement
about charge imbalance in lithium-ion batteries. This section lists the available
measurement data of cell-to-cell variation (C2CV) studies. In [81], 20,000 new
battery cells were tested before being assembled in electric vehicle (EV) batteries.
In Figure 35, the histogram of the measured capacity values (blue) and a normal
distribution (yellow) are shown. The curve shape supports the assumption that
battery cell capacities are normally distributed with a standard deviation of, in this
case, 1.3%. The histogram of the direct current internal resistance (DCR) was found

to be 5.8%. Unlike the mathematical curve, cells with a deviation of less than
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approximately -2.750 do not show up in the histogram since they fail the factory

quality test and are not shipped to the customers.
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Figure 35: Distribution of cell capacities at BoL (20’000 cells, LiFePO4, 6=1.3%) [81]

Exactly the same cells were tested after their service life and a capacity standard
deviation of 2.4% resulted from the measurements. This means that the capacity
distribution has almost doubled because of inhomogeneous cell ageing. Consequently,
the benefits of active balancing increase during the lifetime of the battery as the
charge imbalances become more distinctive. Figure 37 illustrates this effect: While a
battery system at BoL consists of cells with a low capacity-spread around 100% of
Cuom, the capacity deviation significantly increased whereas the mean capacity has
dropped to 80% of the initial Cyom.

In [69], a measurement of 96 large automotive NMC battery cells at BoL and EoL
is available. Again, the results show a normal distribution of the battery capacities

(see Figure 36).
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Figure 36: Capacity distribution of new (a) and aged (b) cells (oBor. = 2.3%, 6roL = 7.3%)
[69]

Einhorn et al. tested active balancing circuits in [77]. In this context they
measured the capacity of 150 battery cells. The histogram resembles a normal

distribution with a standard deviation of less than 1% (Figure 38).
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Figure 37: Density function of cell Figure 38: Capacity distribution of 150
capacity at BoL and EoL (based on [81]) cells [77]

Similar measurements with 5473 automotive lithium-ion cells were performed and
published in [82]. A correlation between capacity and cell mass was found, as shown
in Figure 39. Another C2CV measurement is available in Figure 40. In this case,
industrial 18650-type cylindrical cells were tested which seem to spread much less in

capacity at BoL. compared to prismatic cell types or LiFePO, cells.
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3.5 Relevant patents

Many patents exist on active balancing and charge equalization. The most
relevant ones are described in the following sections. IC and BMS manufacturers

account for most of the relevant patents.

3.5.1 Switched inductors

A non-isolated circuit design based on switched inductors is described in
DE102014215724 (A1) [84]. Instead of AC-switches, a single MOSFET and an

additional series diode are proposed.

3.5.2 Single switched inductor

A battery cell module with several battery cells connected in series is known from
document EP2385605 (A2) [85], whereby the battery cell pack is assigned a common
inductive energy storage device, which is connected to the corresponding battery
cells via a switching matrix. The disadvantage of this is that the losses due to the
high switching frequency of the switches of the switching matrix are large and a

powerful driver circuit is required for the switches.

3.5.3 Flyback converters

According to the active charge equalization known from document EP2787594

(A2) [86], it is possible to exchange energy between any battery cell and the battery
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cell stack. To carry out such a charge equalization, a large number of fast switching
semiconductor devices and inductive transformers is necessary, which increases the
complexity and cost. The design protected by this patent has been made available
for the public by Linear Technology Corp. with the reference design DC2064A (based
on the IC LTC6803-2).

3.5.4 Non-isolated bidirectional converters

Patents US2013015820 (A1) [87], EP0828304 (A2) [88] and DE102006002414 (A1)
[89] describe a battery cell module with non-isolated DC/DC converters and a
switching matrix. For charge balancing, a certain amount of charge is taken from
any battery cell and stored temporarily in an external capacitive energy storage. In
the next step, the stored energy is transferred to another battery cell via a different
path in the switching matrix. The disadvantage is that an additional energy storage
is necessary and the switching matrix consists of at least two switches per battery

cell.

3.5.5 Full-bridge converters

From document US2013099579 (A1) [90] a battery cell module with several
battery cells connected in series is known, with one non-isolated DC/DC converter
assigned to each battery cell. The disadvantage is that the complexity and costs are

high due to the large number of fast switching DC/DC converters.

3.6 Commercial solutions for active balancing

Due to the increasing use of lithium battery systems, a wide range of integrated
circuits is available for implementing the necessary electronic BMS functions. Some
manufacturers have implemented active balancing options in their battery cell
monitor ICs, such as AMS. Others like TT and LT have released additional I1Cs to
work together with their standard products.

Demonstration or evaluation boards of these suppliers represent one solution for
a prototype battery system with active balancing. Another option are commercial

products based on the same technology but not following exactly the reference design.
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3.6.1 Battery cell monitors for active balancing

Table 4 shows several battery cell monitor ICs capable of active balancing and
their electric and electronic properties. Only ICs with an interface for at least six

cells were considered.

Table 4: Active balancing ICs (based on [91])

BQ76PL455A
Analog Front End/ LTC6811 / LT8584 Q
Balancine IC AS8506 / LTC3300 EMB1428Q /
Aancmns EMB1499
Manufacturer AMS Linear Technology = Texas Instruments
Number of cells 3-7 5-12 6-16
Maximum stack
Max. 200 cells Max. 1000 V Max. 256 cells
voltage
Cell voltage 12 Bit SAR-ADC 16 Bit XA-ADC 14 Bit SAR-ADC
measurement +15 mV +2.8 mV +5.5 mV
Current 16 Bit XA-ADC 14 Bit SAR-ADC
External
measurement +2.8 mV +10 mV
Temperature
2 5 8
sensors
Communication
. SPI 12C, SPI UART
interface
X X Bi-directional
Active balancing Flyback Flyback
forward converter
Balancing method  Cell-to-stack Cell-to-stack-to-cell ~ Cell-to-tank-to-cell
Max. balanci
ax. bataheing 100 mA 10 A N/A
current
Demo B'oards Active Board for DC2064A (2.5 A) EMI1402EVM (5 A)
(Balancing current) AS8506C DC2100A-C (4 A)

3.6.2 Active BMS boards from third-party suppliers

Active balancing boards that are commercially available from industrial suppliers
are very rare. Table 5 shows a selection of products. Although more information is
available in the corresponding data sheets, the type of balancing or the used
components are not specified in detail. The current capability of the devices is in the

same range as for the manufacturer’s evaluation boards shown in Table 4.
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Table 5: Commercial active balancing BMS boards

Supplier Enerstone Enerstone AutarcTech REC-BMS
Country France France Germany Slovenia,
Number of cells 4-16 4-16 4 4-16
Balancing current 2 A 10 A 5A 2.5 A
Website enerstone.fr enerstone.fr autarctech.de  rec-bms.com
Data sheet N/A N/A [92] [93]

In the future, other suppliers are likely to present products with active balancing
ability. Renown manufactures of stand-alone BMS are Energus Power, I+MFE Actia,

Orion BMS, Lithium Balance and Ficosa to just name a few.

3.7 Summary of state of art research

The state of art analysis reveals an intensive research activity on active balancing
for the last 10 years. A lot of different methods have been proposed, tested and
patented. Different authors rate the different methods inconsistently as shown in
Section 3.3.1. Commonly, for low power applications, the switched capacitor
methods are classified superiorly. On the other hand, low-loss bypassing,
supercapacitor and full-bridge converters are recommended for high power
applications.

Regarding balancing algorithms and performance estimation of the different
methods, there is few information available in literature.

From the manufacturer's point of view, there is little activity concerning BMS

boards with active balancing.
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4 Analysis of active balancing potential

Although there are many publications on active balancing, little information on
its technical potential can be found. No systematic work has been done so far to
determine the benefits of active balancing based on battery parameter such as cell
properties and system configuration. This chapter analyses the potential and the
limits of active balancing for large battery packs using statistical methods and
numerical simulation. It is partly based on a conference proceeding of the IEEE ISTE
17 in Edinburgh, UK [94].

4.1 Analytical view on charge transfer during balancing

We assume that the battery cell capacities are normally distributed acc. to the
Gaussian density function with the variables x (mean capacity) and o (standard

deviation):

1 (x—p)?
e 202 (6)

f&x) =

2mo?

The mean value ¢ and the expected value E are identical for symmetric functions:

+ oo

F(x) = J xf (x)dx (7)

— 00

The cumulative density function F cannot be calculated analytically. It is defined

as the integral of the density function

F(x) = f f(x)dx (8)

For further calculations, the inverse of the cumulative density function F~1(x)is
needed. To support a realistic analysis, the density function of the battery cell
capacities is not assumed exactly Gaussian but cut at each side at ko and rescaled
to fulfil the equation in(7) and (8). The new density function Ceu(z) uses the

variable Cyon instead of u.
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f(x)
1= 2F(Crgm — ko)

Ceen(x) = 9)

This is a necessary adaption to prevent capacity values out of realistic range being
considered in the calculation. With C,,. and ¢ being the mean value and the standard
deviation of the deployed cell, it is assumed that the capacity of all cells is within

Chom £ ko. The integral of the density function is hence defined as:

+0o0 +00 Chomtko
[ rwar= | cawar=" [ Coutoax=1 (10)
—® —® Chom—ko

The two density functions f(z) and Cgey () are shown in Figure 41 (for x = 10 /
Chon = 10 Ah, ¢ = 0.15 Ah and k = 2).
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Figure 41: Normal distribution f{x) and rescaled/cropped function Crom(x)

4.2 Available capacity and energy savings

In this section, the effect of capacity distribution on the available capacity and

the resulting energy savings is analysed mathematically.
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4.2.1 Battery systems with one cell in a level (1SnP)

First the variable k is calculated as a function of the number of cells n. The density
function margins C.. ko are defined such that the probability for a cell having a

capacity value between -co0 and u - ko is 1/n, hence

1
P o Cnom — F () (11)

During passive balancing, charge is dissipated from cells that are close to their
maximum charging voltage. This process lasts until the strongest cell has reached
its maximum charging voltage. For a battery system with an nS1P configuration (n
cells in series, 1 cell in parallel), the charge difference AQ of a cell with a capacity

of x Ah in relation the strongest cell is given as:
AQ = Cphom + ko —x (12)

The total balanced charge of all cells can be calculated as follows:

Cnomtko

QBal_pack =n f (Chom + ko —x)f*(x)dx (13)

Chom—ko
Using (7) and (10), (13) can be simplified to:
QBal_pack = kno (14)

The energy losses during charging due to passive balancing Wp,esipe for an nS1P

battery system sum up to:
Whpassive = UBal_angBal_pack = anUBal_avg (15)
Usal_avgis the average voltage of the affected cell during the balancing process. For

lithium-ion cells, in most applications Upa ay Wwill be around 4.0 V.
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4.2.2 Battery systems with multiple parallel cells (2SmP)

For battery systems with more than one cell on each stack level (nSmP), the
calculation has to be adjusted. According to probability theory basics (see [95]), the
resulting mean and standard deviation for independent random variables are y” = m
u and o = sqrt(m)o. Using u’ and ¢’ instead of x and o in (6), the density function

becomes

1 (x=n')’
e 207 (16)

fm(x) =

!

2o

In line with (13) and using Ctem(z) instead of Cea(x) the total balanced charge

can be written as:

Cnom!+kor

n f (Crom' + ko' — x)CCellm(x)dx (17)

Cnom!/—ko!

QmBal_pack =

Using (7) and (10), (17) can be simplified to:
QmBal_pack = kno' = kn\/ﬁa (18)

For an nSmP battery system, the energy losses during charging due to passive

balancing W, sum up to:

Passive
WmPassive = UBal_avg QmBal_pack = kny mJUBalavg (19)

4.2.3 Energy savings

If active balancing is used instead of passive balancing, a considerable share of the
equalizing losses is avoided. An overall charge transfer efficiency of at least 80% can
be derived from active balancing prototype measurement data (see Table 3) and will
be used for numerical calculations below. Using the energy efficiency variable 7, it

follows that the energy losses during charging due to active balancing are
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WmActive = (1 - n)kn\/%o-UBalavg (20)
The balancing effort of a battery system increases with its lifetime as the cell

capacities drift apart. Varying operation conditions lead to the inhomogeneous

ageing of individual cells. While the capacity mean value decreases, the standard

deviation of the cells increases, as illustrated in Section 3.4.

4.2.4 Available capacity

The following equations refer to nSmP battery packs. For nSIP configuration, m
can be set to 1.

The lifetime of a battery pack is usually defined as a minimum remaining capacity
in relation to the initial capacity (between 70 and 80 percent for most applications).
The weakest cell — or cell level in case of more than one parallel cell — in a battery

system determines the effective capacity Cpua, which is in our case
Crack = Cnom’ — ko' =mCyom — kvma (21)

If active balancing is performed during discharge as well, the useable capacity can
be increased. For an actively balanced battery pack this capacity value Cpock active
depends on the efficiency and power of the balancing electronics and can get as high

as:
CPack_active = Cnom’ -(1- U)kU' = Cnom — a- U)kma (22)

Figure 42 shows the available capacity of a passive respectively active balancing
system at two different standard deviations (1.3% for a system at BoL. and 2.4% at
EoL, see 3.4). The plots were generated by using the MATLAB code given in
Appendix B. With increasing number of parallel cells, the positive effect of active
balancing become less. According to Figure 42, designing a battery system with
passive balancing in nS1P configuration is not recommendable. By using
configuration with several parallel cells, the available capacity can be increased from

93.8% to 95.6% (nS2P) or 96.7% (nS4P).
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Figure 42: Usable capacity of a battery system at two different cell capacity standard

deviation (with and without balancing)

4.3 Numerical parameter sweep simulation

Beside the calculations, a numerical batch simulation with parameter sweep was
performed for verification reasons. Figure 43 and Figure 44 show the results of the
simulation in comparison with the calculated values from the previous section.

For a realistic view, the individual simulations were based on a 96S1P battery
system, which is a common configuration in industrial applications such as EV. On
the x-axis, the variable parameter is plotted. In Figure 43, the number of parallel
cells varies from 1 to 10 whereas in Figure 44, the standard deviation of the cell
capacities varies from 1% to 3% in steps of 0.1%. The overall deviation between
simulation and calculation is 0.5% and 0.9%, respectively. It originates from the
iteration steps of the balancing algorithm used in the MATLAB simulation. The
calculated values represent the maximum achievable capacity gain whereas the
simulation includes non-ideality of the system and the balancing algorithm (e.g.

over-compensation due to the discrete sampling time).
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Figure 43: Capacity gain factor for active balancing depending on number of parallel
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Figure 44: Capacity gain factor for active balancing depending on cell distribution for

m=1

4.4 Module restricted balancing

Active balancing methods are generally better suited for low voltage battery
systems. The most common battery management ICs monitor up to eight, 12 or 16

cells, enabling system voltages of 24 to 60 V in case of lithium-ion or LiFePO;, cells.
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For higher voltages, several battery modules need to be connected in series. This
leads to a segmentation of the battery system. Cells inside the same module (segment)
are still easy balanceable, whereas balancing between modules is more complex due
to the increasing isolation requirements of the balancing stage or the need for
additional inter-module balancing hardware. However, neither is generally necessary.
In this section, the influence of segmentation on the available capacity of a battery
system for different balancing methods is estimated through numerical simulation.
A typical EV battery system (96S1P) is divided into a variable number of modules.
Active balancing is only allowed inside a module (i.e. no inter-module balancing).
Figure 45 shows two of the six different options that were considered (48S1P modules

2 two segments and 16S1P modules £ six segments).

(a) (b)

16S1P Modules
48S1P Modules | Master Controller |
| Master Controller | BMS BMS BMS
BMS BMS B e T )
BE BE T
I + I I + + T
s Lk BMS| [BMS| [BMS
| e e e
- T BE T -

Figure 45: Separation of a 96S battery system into two (a) and six (b) modules

In Figure 46, the effect of modularization on the usable battery capacity is
illustrated. The theoretically available capacity of differently segmented systems is
shown depending on the standard deviation of the involved battery cells. The
converter efficiency is not included in this analysis. A batch simulation in MATLAB
with a parameter sweep was used to generate the plot. The program code as m-file
is given in Appendix D. For a better readability, some repetitive code rows have
been replaced by red dots. In Figure 46, 100% indicates a single 96S1P module where
each cell can be balanced without restrictions. Each line represents another total
number of modules. Even for the smallest module with eight cells, more than 99%
of the theoretical capacity can be recovered through active balancing at 6 = 1.5%.
Compared to passive balancing (blue line) active balancing always provides an

additional few percent of capacity.
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The deviation of the cells has a stronger negative effect on the available capacity
for passive balancing compared to active balancing. Without any additional
measures, a considerably better utilization of the battery capacity will be achieved.
To completely avoid the capacity related drawbacks of segmentation in higher

voltage battery systems, the use of inter-module balancing can be implemented as
described in [74].
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Figure 46: Effect of modularization on the maximum usable capacity of the 96S1P

battery system (Balancing losses not considered)
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5 New active balancing methods

This chapter describes the development process of the novel methods. In total, six

new balancing methods are presented.

5.1 Initial position

Most active balancing topologies use a power electronic converter for each cell or
cell level, which transfers the charge between cells or an individual cell and the stack.
The most common of these types is the bidirectional multiple flyback converter
method explained in Section 3.2.2.3. Although there is a corresponding converter for
each cell level, most of the balancing time only one or a couple of them are active.
By reducing the amount of converters, it is possible to reduce the number of
components and thus also the cost. This approach has already been followed by
several authors, who have presented circuits with at least one galvanically isolated
DC/DC converter and a switch-matrix to select a certain battery cell (see Section

3.2.2.3).

5.2 Design and components

The new set of active balancing methods is called “Buck-In/Boost-Out”. The
balancing principle is based on selective charging and discharging of a variable
number of battery cells connected in series. The topology uses a switch matrix to

connect the desired cells with the converters. The main components are:

e At least one non-isolated DC/DC converter (Buck, Boost or Buck-Boost)

e A MOSET switch-matrix to connect the DC/DC converter(s) to the
battery cells

e Controller to set the converter current(s) and select the correct matrix

configuration
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Depending on the topology, either unidirectional or bidirectional converters are
required. For higher transfer efficiencies, the use of synchronous converters is
recommended. The switches must be blocking in both directions and can be realized
with two N-MOSFETSs each.

A total of eight related balancing methods were patented under the title
“Electronic circuit for performing state of charge equalization between battery cells
of a battery system”, including the ones presented in the following sections. Two
additional methods are available in Appendix A. The patent was filed on June 09,
2018 at the Swiss patent office in Berne under the number 00742/18 in the class
HO02J. It is written in German, has a priority period of 18 months and protects the

invention in Switzerland.

5.3 Description of the proposed circuits

The following sections describe six different active balancing methods. Some of
this section’s content has been published in the proceedings of the IEEE ISIE18
conference in Cairns, Australia [96].

In order to compare the different variants with each other, always the same
balancing task is illustrated: Discharging of Cell 2. The current paths for a given

balancing task are coloured in the overview schematics for better understanding.

5.3.1 Type Ia: Combination of a buck and boost converter

Figure 47 shows the balancing method Type Ia for a battery system with n cells
in series. In accordance with the established nomenclature, the description is stack-
to-cells-to-stack. A buck converter works as a charging unit, which transfers charge
from the stack to the selected cells. Discharge is performed in the opposite way via
a boost converter.

The output voltage range of the buck converter and the input voltage range of
the boost converter must be wide enough to cover 1 to n-1 cells. In this way, all cells
can be actively charged and discharged up to the highest level in the stack.
Simultaneous balancing of multiple cells is only possible for adjacent cells. For the
uppermost cell, balancing takes place by accessing all cells below it.

In the following the balancing process illustrated in Figure 47 is explained. The

buck converter delivers energy from the stack through switch SwA1l to Cell 1. Cell
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1 is charged with the converter output current Ip.; Simultaneously, the boost
converter discharges Cell 1 and Cell 2 through SwB2 with the converter input
current Ip.os. Given that I = -Ipoost = Ipa, the sum of the current in Cell 1is 0 A,
and Cell 2 is discharged with Ip.,s A (negative balancing or “discharge mode”).
Generally, cells are charged by connecting the buck converter on a higher position

than the boost converter. Discharging is carried out in reverse order.

I VBRB+ I
Stack Stack
-
+
C—— 1
7 : ~N
SwA[n-1] SwBn-1]
+
T N-1
' |
,_/ I \—0 B
SwA[n-2| | SwB|n-2] oost
| IBU{ML —
e | =
SwA2 SwB2
I +
:[Bupk I | 2
- N
SwAl SwB1
+
I ].
|
VBat‘

Figure 47: Type Ia active balancing architecture

The cell currents in idle state can be expressed as a vector according to (23). It
takes account of the positive and negative balancing current as well as the resulting

stack current:

Leet1 = Istack + In - Igg — Out - Iy, (23)
Sa1 Sp1
with  Istaer = Ipa (;Z In—nY Out) ,In = Safn-1] |’ Out = — ,S¢ €{0;1},
0 0
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where In and Out represent the vectors of the switch signals sz of SwA[x] and sgp,
of SwBly].

The converter power and total losses depend on the number of cells in the stack
n and the position of the balanced cell inside the stack. They increase with the
increasing number of cells and a higher position. If only one cell is balanced, i = j.
Otherwise, 7 designates the bottom cell of the balancing group and j the top one.
Therefore, ¢ = j always applies. For each position ¢ and j, there is a transfer
efficiency for the buck and the boost converter (g and Npees, see Section 6.3).
Assuming Uswaw = nUca the overall balancing efficiency .. for charging the

adjacent cells 7 to j (positive balancing) is:

1- nBuckj
j——L + (-1 (1- .
nBuckj ( ) ( nBoostl_l)

j—i+1

(24)

Npai+ = 1—

For discharging (negative balancing) of cells i to j, the efficiency nz.. calculates as

follows:

. 1- NBuck;_, .
-1 ek, T (1 _nBoostj)

j—i+1

(25)

Npa- =1—

If only one cell needs to be balanced, 7 equals j (7 = j). For i = 1 (i.e. bottom cell),
only one converter is required to perform the balancing. The term (7 - 1) and its
related part of the numerator become zero in (3) and (4).

For the topmost cell (5 = n), no direct balancing is possible. Only one converter
is required to perform the balancing, though the balancing performance is low
compared to the other cells. The efficiencies for charging and discharging are

calculated as following:

(i - 1) ' (1 — NBoost )
=1— n—1 26
. 1- NBuck
—1). —1Buckny
—1— (l ) 7"Buckn_l (27)
MBal- n—i+1
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The required converters can be conventional buck and boost converters as shown
in Figure 48 and Figure 49. To enhance the efficiency of the converters over the
whole operating range, a synchronous design can be chosen, where the diode is
replaced by an actively controlled MOSFET to reduce losses. The synchronous mode
is particularly suited for low voltage applications to increase the efficiency of a

converter significantly.

(a) (b)
L L
Q Q1
2 A
Uin DA == C Uout Uin JE Q2 C Uout

Figure 48: Schematic of conventional (a) and synchronous (b) buck converter

(a) (b)

L L
[666' D m Q2
N -i-g-
Uin JE Q = C Uout Uin Q1 EI:I_ == C Uout

Figure 49: Schematic of conventional (a) and synchronous (b) boost converter

5.3.2 Type Ib: Type I with a bidirectional converter

Type Ib is similar to Type la in terms of balancing paths. Instead of unidirectional
converters, a bidirectional one is used. The schematic for a possible hardware
implementation is shown in Figure 55. For the architecture, see Figure 93 in

Appendix A.

5.3.3 Type Ila: Buck-boost converter

Figure 50 shows Type Ila of the discussed balancing methods. Again, the battery
system consists of n cells in series. In accordance with the established nomenclature,
the description is cells-to-cells. If the load current equals the balancing current, this

method is similar to the cell bypassing described in Section 3.2.3.1. In discharge
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mode, a buck converter transfers charge from one cell or a multitude of adjacent
cells to its subjacent cells in the stack. In charge mode, a boost converter transfers
charge in the opposite way. Both converters can be combined to a single bidirectional
buck-boost converter. The input and output voltage range of the buck-boost
converter must be wide enough to cover 1 to n cells. Simultaneous balancing of
multiple cells is only possible for adjacent cells. For each position 7 and j and their
combination, the transfer efficiency is given as #7pus 5 and 7pees i (see Table 4 for
numeric values).

In the following the balancing process illustrated in Figure 50 is explained. The
buck converter delivers energy from Cells 1 and 2 through switch SwA2 and SwB1
to Cell 1. Cells 1 and 2 are discharged with Io,. Cell 1is charged with the converter
output current I5,. Consequently, Cell 2is discharged with lo. A (negative balancing)
and Cell 11is charged with (I, - Tou) A. Iow equals Igu. Generally, cells are charged
when connecting the DC/DC converter parallel to the desired cells and operating in
boost mode. Discharging is carried out the same way but in buck mode. Through
switch SwA[n] and SwB[n|, the same charge and discharge operations are possible

as with Type L

VBnt+
\ Sw_Aln] \ Swhn| :_i n
- I
SwA([n-1] ) /
SwB[n-1] +
- 3 = n-1
Buck-Boost :
SwA [n-2| ) /

SwB1

VBat.—
Figure 50: Type Ila active balancing architecture
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The resulting cell current can be expressed as a vector depending on the amount

of balanced cells:

- Y Zm —_
leey =1In- Igg — N ——=-O0ut-lpy (28)
> Out

Sa1 SB1
within=| i |,out=| i |, s, €{0;1} (see (23) for more information).
San SBn

With the same assumptions as in 3.1, the overall balancing efficiency np.. and

Nea- for charging /discharging the adjacent cells 7 to j is:

. 1- nBoostU

J T’BOOStL']' (29)
NBai+ = 1 — —] i+ 1
j-(- 7’]Bucki-)

Npai- =1 — : (30)

j—i+1

A possible realization of the buck-boost converter is shown in Figure 51. For buck
mode, the N-MOSFET Q2 is turned off and Q1 switched on and off. For boost mode,
Q1 is always turned on whereas Q2 is actively switched. To enable synchronous

mode, the four-switch buck-boost converter from Figure 53 may be used instead.

L
Q1 D2
[N
_'I'_f'i'_— )
Uin DI Q2 EL = Uout

Figure 51: Schematic overview of the buck-boost converter

5.3.4 Type IIb: Bidirectional buck-boost converter

Type IIb is similar to Ila from Section 5.3.3 in terms of balancing paths. Instead

of a conventional (unidirectional) buck-boost converter, a bidirectional one is used.
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This reduces the amount of required MOSFETS in the switch-matrix as not every
cell level needs a connection to both input and output. Exactly the same operations
are feasible as for Type Ila and the same equations apply. The diagram and power

paths are shown in Figure 52.

VBatﬂL
+
SwA[n/2 1]\ N\ SwBn/2] "
I
e e yd
: ' SwA|[n/2| +
i Buck  Boost :? n-1
Ll = : /
: SwB[n/2-1] :
- : I(_)ut I
: |
: —i-- 3
SwB1 +
: —
: Iln I
: S
lesescssemesecrmecsscene 4
SwAl i 1
I
VBat.'

Figure 52: Type IIb active balancing architecture

The required bidirectional buck-boost converter can be realized with a four-switch
buck-boost converter illustrated in Figure 53. The advantage of this design is the

possibility of operating the converter in both directions in synchronous mode.

L
0 @
1Yl 1Yl
Uin/ L, | Jm Q2 . ==ce UM
Uout 1 = — 1 Uout

Figure 53: Schematic overview of the 4-switch buck-boost converter
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5.3.5 T'ype Illa: High- and low-side buck-boost-converters

Figure 54 shows the system implementation with high- and low-side buck-boost
converters. The working principle is similar to Type I, except that charge is
transferred successively instead of simultaneously.

The balancing process divides in two phases, one for the buck operation and one
for the boost operation. In accordance with the established nomenclature, the
description is stack-to-cells-to-stack. To keep the average stack current low over the
duration of the two phases, the high- and low-side converter should not operate in
the same direction at the same time. For this example, additional to Cell 2 also the
balancing paths for Cell [n-1] are shown to illustrate the operation of the high-side
converter. An extended version of this architecture uses four converters, which are
able to perform the two phases simultaneously. The corresponding schematic is
available in Appendix A. Other combinations are possible: By combining the concept
of Type II with the high-side converter of Type III, another high-performance
variation is possible.

In the following the balancing process illustrated in Figure 54 is explained. In
Phase 1, the low-side converter works as boost converter and discharges Cell 1 and
Cell 2 through Sw2 with the converter input current Iz, similar to the example in
Section 5.3.1. Simultaneously, the high-side converter works in buck mode and
charges Cell [n-1] and Cell [n] through Sw[n-1] with Iz.. In Phase 2, the current
flow is reversed to obtain the same balancing results as in Section 5.3.1: Cell 1 is
charged in buck mode and Cell [n] is discharged in boost mode. In total, Cell 2 is
discharged with Izy and Cell [n-1]is charged with Ipa.
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Figure 54: Type Illa active balancing architecture

The low side converter has a common ground connection and accesses all cells up
to the mid-point of the battery stack including Cell [n/2]. It can be realized as
shown in Figure 55. The fact that the two operating modes are only required in one
direction simplifies the design. Only two MOSFETSs are necessary to enable
synchronous operation for both modes. If switch Q1 is not controlled, the anti-
parallel intrinsic diode of the MOSFET allows conventional operation with reduced
efficiency.

The high-side converter has a common V.. connection and interfaces the
remaining cells. Regarding design, it uses the same components as the common

ground converter but a different structure (see Figure 56).
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Q2
1Yl

Uin(Boost) ke — — (9 Uin(Buck)
Uout(Buck) =ctal ::I— Uout(Boost)

Figure 55: Single operation bidirectional buck-boost converter (Low-side)

Uout(Buck) | Uout(Boost)

ol 02

Figure 56: Single operation bidirectional buck-boost converter (High-side)

Uin(Boost) =1 Q1 Fl_ = 19 Uin(Buck)

5.3.6 T'ype I1Ib: High- and low-side buck-boost-converters

Type II1b is similar to Type Illa in terms of balancing paths. Instead of two
bidirectional converters, four unidirectional ones are used. Hence, charging and
discharging take place simultaneously which reduces the balancing time. The
schematic for a possible hardware implementation of the required converters is

shown in Figure 55 and Figure 56. For the architecture, see Figure 94 in Appendix A.
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6 Balancing algorithms and simulation model

This chapter presents the development of the balancing algorithms and the
simulation models for the newly proposed methods. The calculation of the converter

efficiency values used for balancing is explained as well.

6.1 Analysis tool selection

To simulate the behaviour of an active balancing circuit and hence estimate the
performance not just at one point but also over the complete range of operation,

many parameters need to be varied.

6.1.1 Performance relevant battery and balancing parameters

In this thesis, the focus is set on the parameters that have the strongest influence

on the resulting performance and overall efficiency. These are:

Transfer efficiency of power electronic balancing stage
- Input current Iy,
- Input voltage Uy,

e Balancing current Iga

Configuration of the battery pack
- Number of cells in series n
e (Capacity distribution of battery cells

- Standard deviation o

Besides the adjustable parameters of the battery system, the balancing algorithm

has a big influence on the performance as well.

6.1.2 Options for performance analysis

The electrical balancing circuits can be analysed either by mathematical
calculation, numerical simulation or measurement. The standard deviation of the
battery cell capacity is usually between 1% and 2.5% depending on the SoH (see
3.4). Preparing a battery pack with such a capacity distribution is technically
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feasible: The capacity of each cell has to be determined by a discharge test. After
that, the cells are selectively charged according to the required setting. The difficulty
is to implement an electronic device for SoC estimation that is accurate enough not
to interfere with the balancing algorithm. A SoC estimation accuracy of less than
2% is outside the scope of this thesis. For this reason, it is not practical to determine
the performance of the different balancing circuits over the whole range of adjustable
parameters by measurements.

By using simulation tools, the SoC estimation problem disappears elegantly.
Battery models are used for the cells, which provide the exact SoC or the remaining
capacity, respectively. The ease of access and routine handling are strong arguments
for MATLAB. Since there are no known disadvantages compared to pure
programming languages, the choice fell on MATLAB. For the electrical simulations,

PLECS, was chosen in the absence of any counter-arguments.

6.2 MATLAB numerical simulations

MATLAB provides powerful tools for data handling and processing. Batch
simulations with parameter sweeps are supported as well as multi-objective
simulations. Another big advantage of MATLAB code is the easy integration into

any Simulink or PLECS system simulation.

6.2.1 Algorithm flow diagram

The algorithms for all investigated balancing methods were written in MATLAB
as an m-file script. The time interval for the algorithm is one second. This simplifies
the calculation, as charge values appear in As and time values in s. Figure 57 shows

the basic sequence of the balancing algorithm.
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Start defines:
Number of cells
Cell capacity distribution

A 4

NO

Compute balancing Select cells and Change SoC values Recalculate
relevant cell Y 5| define balancing |—>» ofcellsacc.to —>| balancing relevant 6 <0.1co
parameter path balancing equations cell parameter
YES

Cells are equalized

Figure 57: Flow chart diagram of general balancing steps

6.2.2 MATLAB code (m-file)

The code of the balancing algorithm is stored as an m-file. For each algorithm, a
separate m-file was generated that can be executed independently. In 6.2.2.1, the
code for the cell-to-stack-to-cell-algorithm is presented exactly as it is used in
MATLAB. The code files for the other algorithms are not provided in the context

of this thesis as they are more extensive.

6.2.2.1. Cell-to-Stack-to-Cell C25t2C algorithm

The following text box presents the code of the MATLAB m-file used for the
balancing algorithm C25t2C.

First, the variables are defined and initialized. They are followed by the battery
capacity definition with randomly generated values. The actual algorithm code is in
a while-loop that repeats itself until the desired equalization degree has been
achieved. Depending on each cell’s deviation from the mean value, either the
charging or discharging mode is applied and the resulting stack current is added to
all cells. All balancing currents and the losses are summed up for the final efficacy
calculation. For each simulation step, the cell capacity values are stored in a matrix
column for later use in plotting or analysis. After the while-loop has been exited
successfully, the overall balancing efficiency and both the available capacity for
passive and active balancing are displayed. Finally, the graph with the eight cell

capacity values is plotted.
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%% Variables initialization

n = 8; % Number of cells

iBal = 2.5; % Balancing current

Cnom = 100; % Nominal cell capacity

SoC = 0.5; % Initial and average state of Charge

sigma 0 = 2; % Initial standard deviation of cells in %

eta dis = 0.88; % Efficiency of flyback-converter (Cell-to-Stack)

eta ch = 0.92; % Efficiency of flyback-converter (Stack-to-Cell)
losses = 0; sum current = 0; time = 0;

o)

% Generate n cells with Cnom at SoC and sigma 0 standard deviation
cells = Cnom*SoC + sigma 0.*randn(n, 1);

o)

cells init = cells; mean init =mean(cells); % Calculate init values

history = cells; Create new matrix for the balancing history

o)

sigma = std(cells); % Calculate standard deviation

%% While loop to achieve well-balanced system

o)

while sigma > 0.l*sigma 0 % Repeat until all cells are balanced

o)

mu = mean (cells); % Calculate mean values
delta = cells - mu; % Calculate deviation from mean

[)

weak = cells < mu; % Vector with weak cells

[)

strong = cells > mu; % Vector with strong cells

o)

% Discharge 1 second

cells = cells - iBal/3600*strong + eta dis*sum(strong)*iBal/3600/n;

o)

% Charge 1 second

cells = cells + iBal/3600*weak - sum(weak)*iBal/3600/n/eta ch;
% Add balancing losses

losses = losses + (l—eta_dis)*sum(strong)*iBal/36OO +
sum (weak) *iBal/3600* (1/eta ch-1);

o)

% Add balancing current
sum current = sum current + iBal/3600*sum(strong) +
iBal/3600*sum (weak) ;

[)

history = [history,cells]; % Add the current state to the history

o)

sigma = std(cells); % Recalculate standard deviation
time = time + 1; % Add 1s to time base

end

overall eff = l-losses/sum current % Display the overall efficiency
passive = min(cells init) % Capacity without balancing

o)

active = min(cells) % Capacity with active balancing

o)

plot (history'); % Plot the complete balancing process
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The plot that is generated by this m-file is shown in Figure 58. Fach cell is

balanced

individually at the same speed. The decrease in capacity due to the

balancing losses is visible by the negative slope of the horizontal line that represents

the average capacity.
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Figure 58: MATLAB simulation output of balancing process for C25t2C method (8 cells

with normally distributed capacity at 50% SoC)

6.2.2.2. Balancing algorithms for the other methods

The MATLAB code for the new balancing types is similar to the shown C25t2C

algorithm in terms of structure but much more complex for the following reasons:

Integration of two strategies: “Simple” and “Smart”

Charge and discharge balancing processes need two different routines
The bottom cell, and for Type III also the top cell, are balanced differently
and require a separate routine

Selectable arrangement of battery cells in random or in ascending/

descending order in terms of capacity

Therefore, the code is neither presented within this chapter nor in the appendix

but available on request. However, a flow-chart diagram of the balancing process is

shown in Figure 59. It is valid for the six introduced balancing types. The green
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boxes define the start and end state of the simulation. Actions are explained in blue
boxes and the red lozenges stand for if-else decisions. The algorithm is described
hereafter:

First, n cells are created with normally distributed capacity values. Then, the
arrangement of the cells in the battery stack is adjusted to continue with a sorted
stack. Initially, the deviation from the mean value of each cell is calculated.
Depending on the algorithm “smart” or “simple”, the cells to be balanced are selected.
The corresponding cell capacities are adjusted according to the given equations with
a time step of 1 s until one of the balanced cells crosses the stop criterion. Again,
cell capacities and mean values are calculated and the balancing process is repeated

until the requested state of balancing is reached.
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Figure 59: Flow-chart diagram of the new balancing types algorithms used in the

numerical simulations
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6.2.2.3. Batch simulation

For every simulation run, the values for the cell capacities are randomly
regenerated. In order to reliably classify the average performance, a large number of
simulations must be carried out. Therefore, a MATLARB script for a batch simulation
was written. It is quoted in Appendix C.

To determine the minimum required simulation iterations, the random generator
of MATLAB was tested using the following command: std (mean (randn(n))). It
calculates the standard deviation of the mean value of a matrix of n random values.

The output of the command is:

e 0.3564 for n = 10 — 6 = 35.6%
e 0.0956 for n = 100 — 6 = 9.6%
e 0.0317 for n = 1,000 — 6 = 3.2%
e (.0010 for n = 10,000 — 6 =0.1%

e 1=100,000 exceeds the maximum array size of MATLAB

Based on the result, it was decided to always perform 10,000 simulations for every

setup to achieve an accuracy of 0.1%.

6.3 Balancing converter efficiencies

The efficiency values of the converters are obtained by calculation. Conduction
losses P¢, switching losses Ps, and gate drive supply Pg of the MOSFETSs as well as
the ohmic losses Pr and magnetic core losses Py of the inductor are taken into
account according to (31). The MOSFET data comes from an existing device, the
Vishay SIJA58DP with a Rpsoon) of 2.65 mf2. For the overall losses, the switch-
matrix conduction losses Py are added as well using data from the MOSFET

NVMFEFD5C650NL from ON Semi with an Rpgox) of 4.2 mf).

_ I - Vo
Nconverter = (Io K Vo + PC + PSW + PR + PQ + PM)

(31)

Figure 60 shows the simulation output for the synchronous buck converter for

eight cells in series (n=8). On the left side, the contour plot provides efficiency
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information depending on the output current and level. For output level 3 and above,
the efficiency is over 96%. On the right side, the distribution of losses as a function
of the output current is shown. Losses increase exponentially since the conduction

and ohmic losses grow with I?. The corresponding MATLAB code is available upon

request.
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Figure 60: Contour plot of the buck converter efficiency (a) and losses distribution (b)

For the maximum output current of 10 A, the resulting efficiency vectors of the

buck and boost converter used in Type Ia balancing are:

0.909 0.945
(0.952\‘ /0.971\

0.968 | 0.980 |

Mok = | 0.976 | and 7500 = | 0.985
0.980 0.987
0.984 0.989
0.986 0.990

Combining the two efficiency vectors for all possible configurations and adding
the switch-matrix losses results in an efficiency surface plot shown in Figure 61. The
complete calculation was done in MATLAB. The m-file script is available upon
request. In Type III balancing, the converters have only four output voltage levels
which reduces the size of the efficiency plot. Only the top four values of the efficiency

values are required.
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0.94

0.88
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Cell level for boost input 0.84

Figure 61: Calculated overall efficiency of active balancing stage

For Type II, the input as well as the output level are variable. Therefore, the
efficiency values are given in a 7x7 matrix and not a single column vector. To keep
the code complexity low, the following simplification has been applied for the

balancing simulation. A total of four values is defined:

e Buck operation into lowest cell level: ngu = 0.900
o Average value for buck operation into any other level: nguxx = 0.969
e Boost operation from lowest cell level: ngo1 = 0.924

o Average value for boost operation of any other level: ngox = 0.976
Measurement data from the LTR708 four-switch controller is available in

Appendix H. The corresponding values are Ngu = 0.907, Naux = 0.964, o1 = 0.918,
Neox = 0.97 and only little below the calculated ones.

73



PLECS equivalent electronic circuit simulation

6.4 PLECS equivalent electronic circuit simulation

PLECS is a powerful simulation tool for electric circuits including thermal and
magnetic effects. It is available either as add-on to MATLAB (PLECS Blockset) or
as an independent software (PLECS Stand-alone).

6.4.1 Simulation setting

The PLECS simulation is divided into two parts, as shown in Figure 62. The
electrical circuit including current source and switch matrix is built from standard
library components. Eight instances of the custom battery model which is described
in Section 6.4.2 are connected to this circuit. The actual balancing algorithm is

embedded into the simulation by means of a MATLAB code block.

Constant - Simulation model Simulation model
current of battery system [#—|of balancing circuit

Taps

A A

PLECS System Model
MATLAB Balancing Algorithm

.\\)ﬁm[(u Ee)
[[90 yo®ea Jo HOg

DC/DC Control
Switch-matrix

BMS Algorithm

Figure 62: Function blocks of the PLECS system simulation with embedded MATLAB
code for the BMS algorithm

6.4.2 Battery model

The battery model that is used in the PLECS simulation is a Thévenin equivalent
circuit with an open-circuit voltage source Uoc, an internal resistance Ry and two

RC parts. The terminal voltage is name Us.
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RC Part 1 RC Part 2
o +
RO Rpl Rp2
Cpl Cp2
0o -

Figure 63: Electrical battery model (Thévenin model) according to [12]

The voltages at the circuit elements can be expressed mathematically according

to Kirchhoff's second law:

Uoc= Uy —Ucpr —Ucp2 — IRy

with
, I
U,i=—-
r1 Cpl
, I
U,=——
p2 sz

The PLECS battery model is already parametrized based on measurements of real
cells. All component values except for Ry are dependent on the SoC. These curves

are plotted in Figure 64 to Figure 66. The MATLAB code can be found in

Appendix E.

Ucpr
Rplel
Ucp2
szsz

4.2

Cell voltage
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Figure 64: Capacity-Voltage (C-V) curve based on OCV measurement values
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Figure 65: Resistor Rp: (a) and Capacitor Cpi (b) of RC part 1
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Figure 66: Resistor Rp: (a) and Capacitor Cpz (b) of RC part 2

6.4.3 Simulation model

The complete simulation is set up in MATLAB/Simulink as shown in Figure 67.
Subsystems include the balancing algorithm as an m-file ("BMS Logics”) and the
electric simulation model as a PLECS model (”Active BMS battery system”).
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Figure 67: System simulation in Simulink with MATLAB-function block for the
balancing algorithm and PLECS circuit block

Figure 68 shows the contents of the PLECS subsystem for Type Ila balancing.
Black wires represent power connections whereas green wires are reserved for signals.
The model includes a total of 16 switches implemented as eight changeover switches
to reduce the number of elements and wires and therefore increase the clarity of the
model. Eight battery models are connected in series (”Li-ion R modelz”). The battery
model is provided by Plexim named “RC-chain-based Li-ion model”. Another
subsystem “DC/DC Converter” directs the requested balancing current between the
battery cells. A constant current source 12 with a small series resistance of 10 m{? is

included to simulate battery charging or discharging.
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Figure 68: Detail view of PLECS circuit block for Type Ila balancing
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7 Hardware implementation

The hardware implementation serves as a demonstration prototype to show the
working principle of the presented balancing methods. To facilitate the development
process and increase the hardware versatility, a modularized design, consisting of a
DC/DC converter, a switch-matrix unit and an MCU board was chosen. The switch-
matrix unit was developed from scratch, whereas the MCU board was bought as a

retail part. The DC/DC converter was a customized engineering sample prototype.

7.1 DC/DC converter

Plenty of DC/DC converter implementations are available from literature and by
electronic suppliers. In this section, only non-isolated, commonly available designs

are considered.

7.1.1 Evaluation of components

The easiest way to cover all technical requirements of Type I and Type II
balancing is a four-switch buck-boost converter. Alternatively, two separate buck
and boost converters can be used, or the required functions are provided by a micro-
controller based custom design. Table 6 lists the three options and their expected
performance specifications. The high-side converter for Type III balancing is not
considered in this overview. Due to the lack of commercial solutions, the only option
for it is a custom design.

A preferable feature of low voltage converters is synchronous mode as described
in 5.3.1. The conduction losses of the diode rectifier contribute significantly to the
overall losses, especially in low output-voltage applications. The rectifier conduction
losses are proportional to the product of its forward-voltage drop Ve, and the forward
conduction current Ir. Below a certain current level, the forward-voltage drop of a
synchronous rectifier is lower than that of a diode rectifier, and consequently reduces
the rectifier conduction losses. Because synchronous rectifiers are active devices, the
design and utilization of synchronous rectification has to be well dimensioned to fully

exploit the possible increase in efficiency and maintain a stable operation.

Table 6: Technical concepts for DC/DC converter
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Four-switch buck-

Separate converters

T Cust desi
ype boost converter (buck and boost) Hstom design
Suppliers Few Many MCU/DSP supplier
Bidirectional
rdirectiona Yes N/A Possible
mode
Current control Yes Yes Possible
Synch
ypehronous Yes Yes Possible
mode
Efficiency 96...99% 94..98% 95%
Foot print area 300 mm?* (LM25118) &
840 mm? (LM5175) > 1000 mm?

for 5 A design

710 mm? (LM5122)

Communication : Possible (e.g. SPI or
o Available

interface 12C)

Cost Medium Low to medium Low to high

There are only few PMICs that can control four MOSFETSs. They are supplied by

the following three manufacturers: Texas Instruments Inc., Analog Devices Corp.

(formerly LT) and Renesas Electronics Corp. Table 7 shows the available ICs to

operate a four-switch buck-boost converter in stand-alone mode. Only ICs capable

of synchronous mode are considered due to the previously stated reasons.

Table 7: Overview of existing four-switch buck-boost converter ICs

I1C LT8708 [97] LM5175 [98] ISL81601 [99] LT8390 [100]
Linear Texas Renesas Linear
Manufacturer )
Technology Instruments Electronics Technology
Bidirectional
Yes No Yes No
mode
Maximum
. 80V 42V 60 V 60 V
working voltage
Current control Yes Yes Yes Yes
Synchronous
Yes Yes Yes Yes
mode
Efficiency 98% 96% 99% 98%
Minimum input
2.8V 3.5V 45V 4V
voltage
Communication
. No No No No
interface
Demo Boards DC2596A PMP10507 ISL81601EVAL DC2457A
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7.1.2 Decision on components

A bidirectional buck-boost converter as shown in Figure 53 enables all presented
balancing methods except of Type III. Consequently, this type of converter is
selected to be used in the demonstration prototype. Due to the lower minimum input
voltage of the LT8708, it was preferred over the ISL81601. Otherwise, boost

operation from one battery cell into the stack would not be possible.

7.1.3 Hardware design

Linear Technology has assembled the L'T8708 demo circuit board, which is shown
in Figure 69, according to our specifications and design considerations as an
engineering sample. The voltage capability of formerly 80 V was reduced to 40 V
to have a better selection of low Rpsiony MOSFETS. Finally, the Vishay SIJA58DP
was selected in consultation with LT. For the schematic of the board see Appendix L.

Further technical specifications are:

e Switching frequency: 250 kHz
e Balancing current: max. 10 A
e Operation mode: Hybrid current mode (HCM, see [97])

Figure 69: LT8708 Custom evaluation board (DC2596A)
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7.2 Switch-matrix unit

Unlike for the DC/DC converter and the BMS, there was no readily available

switch-matrix design. Therefore, the board was designed from scratch.

7.2.1 Evaluation of components

The switch-matrix is required to connect the DC/DC converters to the cells.
MOSFETSs instead of electro-mechanical devices are used to keep the necessary
switches as low-loss and wear-free as possible. MOSFET transistors are available as
N-channel and P-channel types, which differ in the control logics and the ON-state
resistance Rpsoon). Both types are available as self-conducting and self-blocking
devices. To realize an AC-switch, two transistors with a common source are required
and connected in anti-series configuration (see Figure 70). Otherwise, the current
could flow in the undesired direction via the body diodes of the transistors and short-
circuit certain cells. Figure 71 shows a popular type with two MOSFETSs that can

be easily connected to the required configuration.

1A NI
N 17
] Tt Sumny
! .
Gate Top View Bottom View
Figure 70: AC switch with two Figure 71: Dual MOSFET for convenient AC-

MOSFET in anti-series connection switch realization (Vishay SQJQ904E) [101]

It is difficult to find P-channel MOSFETS in the required power range with such
a small Rpson) which already fulfil this at drive voltages of Vas = 3.2 V. Since the
maximum drive voltage Vgs corresponds to the cell voltage, the selection of N-
channel MOSFETs is also very limited. Therefore, a gate driver must be used to
control the transistors. An additional requirement is galvanic isolation, since the
electrical source potential of the MOSFETs is above the potential of the control

signals.
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By choosing a gate driver, a wide range of N-channel MOSFET transistors is
available. To enable the switch-matrix to work with 36 V to 48 V battery systems,
a minimum blocking voltage of 60 V is required. The most important requirements

are summarized as follows:

e Blocking voltage Vps 2 60 V
e Continuous current Ip 2 20 A
e Maximum gate-source voltage Vgs 2 10 V

e On-state resistance Rpson) £ 6 m€2 with Vgs £ 10 V

Single or double MOSFET transistors can be used for the bidirectional switches
of the switching matrix. The selection of single transistors is significantly larger but
double MOSFETSs offer some important benefits like reduced assembly cost and less
space requirements. A selection of both single and dual MOSFETSs for the above
specifications is listed in Table 8.

For the isolated gate driver list in Table 9, the most important criterion is the
standby consumption as it defines the storage life of the system. Suitable technical
concepts are photovoltaic, inductive and capacitive energy transfer. Except for the

TT EMB1428, all products offer one or two channels.

7.2.2 Decision on components

In general, a low on-state resistance Rpsion) of a MOSFET comes together with a
high gate charge Qg¢. The product of Rpgon and Qg is called figure of merit (FoM)
and represents a quality feature for comparison purposes. Based on this feature, the
overview in Table 8 delivers four options with a FoM value of less than 200. The
ON Semiconductor NVMFEFD5C650NL combines a good FoM with an unrivalled low
Rpson) for a dual device. Therefore, this N-channel MOSFET was selected for all
related calculations and simulations. For the switch-matrix unit, due to a better
handling, the Vishay SQJQ960EL was used. Any other of the dual MOSFETS in the
table could be chosen if the focus were set elsewhere (e.g. on small size, low cost,
etc.).

The isolated gate driver HT0440 by Microchip was chosen. It requires no external
components, has no standby consumption and is compact, but can still be soldered

manually. With one driver, it is possible to control two N-channel MOSFET pairs.
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In total, four are needed to control all switches. Since the energy for recharging the
gate capacitance is obtained directly from the control signal, no external supply is
required. However, a level shifting of the signals from the BMS main controller from
3 V to 5 V is necessary to obtain an optimal drive voltage of 10 V at the output of
the MOSFET driver. Any suitable level converter with at least eight channels can
be used. For this thesis, the TT TXS0108E was selected.
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Table 8: MOSFET devices overview

Type TPD036N04 NVMFD5C6 FDD86567 TPW4R008  BUKTK13- SQJQY960EL SIYES58DP STD134N4
50NL NH 60E
Manufacturer Infineon ON Semi ON Semi Toshiba Nexperia V.iéhay. V.iéhay. ST
Siliconix Siliconix
Technology OptiMOS Power Trench Power Trench U-MOSNIII-H TrenchMOS  TrenchFET TrenchFET STripFET
Max. voltage Vps 60 V 60 V 60 V 80 V 60 V 60 V 60 V 60 V
Rated current Ip 100 A 111 A 100 A 116 A 40 A 63 A 200 A 90 A
Max. Gate voltage Vgs 20 V 20V 20V 20V 20 V 20 V 20 V 20 V
Rbpson), Vas=10 V 3.4 mQ 4.2 mQ 3.2 mQ 4.0 mQ 10 mQ 9 mQ 1.9 mQ 5.4 mQ
Gate charge Q¢ 98 nC 37 nC 63 nC 59 nC 9.7 nC 19 nC 135 nC 25 nC
FoM Rpson) x Qa 333 155 202 236 97 171 257 135
Package TO-252 DFN8/SO8FL TO-252 DSOP LFPAK56D PowerPAK PowerPAK PowerFLAT
Number of devices 1 2 1 1
Table 9: Isolated gate driver IC overview (based on [91])

Type ADuM4223 ADu5240 SN6501 APV1122 FDA217 VOM1271 EMB1428 HTO0440
Manufacturer Analog Dev.  Analog Dev.  Texas Instr. ~ Panasonic IXYS Vishay Texas Instr.  Microchip
Description Isol. Gate Digital Transformer PV Gate PV Gate PV Gate Gate Driver  Isol. Gate

Driver Isolator Driver Driver Driver Driver Driver
Switching times Very low low low High High High medium medium
Max. gate voltage 4.5.18V 5V 10V 8.7V 122V 8.4V 121V 10V
Standby consumption 30.471 mW 13.2 mW 0 mW 0 mW 0 mW 0 mW 0.133 mW 0 mW
Complexity medium medium High none none none medium none
Isolated supply needed | Yes No No No No No Yes No
Package 16501C 8SOIC SOT23-5 6SMD 8SMD 4-SOP 48WQFN 8SOIC
Number of channels 2 2 1 1 2 1 7 2
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7.2.3 Hardware design

The switch-matrix units for the different types of balancing are not identical.
Therefore, a modular and versatile design was chosen with eight AC-switches. The
units can easily be used in parallel i.e. for Type Ila balancing. For series operation
of more than eight cells, the units can be connected in series but require an insulated
level-shifter instead of the used TI TXSO0108E. Figure 72 shows a simplified
schematic of the circuit. It shows 16 MOSFETs with connected source pins to
achieve eight AC-switches. The DC/DC converter input/output connects to

“Converter” while the battery cells connect to the eight remaining taps.

Converter
PN
Ko < e
11 y > CELLs 11 YI P CELLA
Gate’ Gated
17 Y[ P CELL? — v Y[ D> CrLL3
GateT Gated
17 Y[ P CELLS 11 Y[ D> CrLL2
Gatet Gate2
i< = S
T T P ceLLs T T D crLLI
Gateh Gatel

Figure 72: Schematic excerpt of switch-matrix for eight AC-switches

The switch-matrix was designed using the electronic design automation tool
“Altium Designer” and produced on a separate PCB shown in Figure 73. The
complete schematic is given in Appendix K. A small switched-mode power supply

(SMPS) is used to provide 5 V from the battery voltage for the level-shifter IC. In
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a final design, this power supply should be designed carefully to achieve a very low

stand-by consumption or include the possibility to completely disable the device.

Cells connector

Fuses

MOSFET
Switch-
Matrix

Gate
driver

5V
Supply

Control 3V-to-5V Level
Input Shifter

Figure 73: Switch-matrix PCB for up to eight cells

7.3 Firmware

The firmware includes the balancing algorithm to control the switch-matrix and
the DC/DC converter operating point. Instead of coding the firmware functions in

a text-based programming language such as C, a model-based approach was used.

7.3.1 Model-based programming and automatic code generation

The firmware was programmed graphically in Simulink using the embedded coder
plug-in. To control the TI MCU, the hardware-support-package “Energia” was
necessary. This setup enables the user to run a program on the controller and
simultaneously get a feedback of the controller status as well as having the ability

to change program variables online. The feature is called “External Mode”.
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7.3.2 Firmware design

The firmware developed in the course of this work only offers a reduced range of
functions. SoC estimation is not included since it is not a part of the balancing
algorithms. However, a communication link to a BMS board and modelling of the
battery system in software is a possible extension of the work presented here.

Figure 74 shows the top sheet of the Simulink program. The initial SoC of the
battery system is defined and fed into the balancing algorithm block realized with
the MATLAB code. Balancing type and algorithm are further inputs for the m-file
block. The output of the block are two enable signals to turn on or off the switch-

matrix units and the control signals for the individual switches.

ENERGIA
»> It
Pin 30
P In1
EN1
[1x8] P soci
Inital SoC SMU1
1 » type ‘ Switch-Matrix 1
fen EN2
Balancing type
ENERGIA
1 algorithm SMU2 > J_I_I_I_
Algorith: Pin 40
goritnm Balancing algortihm
P In1

Switch-Matrix 2

Figure 74: Simulink program for MCU Firmware to control the switch-matrix

7.4 BMS controller

In the given test setup, the BMS controller has limited functions. Therefore, a
large selection of different devices from several manufactures is available. However,
Simulink only supports few types of microcontrollers to operate in “External Mode”.
The most popular ones are TI C2xx series and Clxx series, ST STM32L4 and
STM32F7 series and Arduino boards. For the sake of simplicity, the selection has
been limited to microcontroller boards and not the IC only. Table 10 lists four

different MCU boards and the basic requirements to control the switch-matrix and
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the DC/DC converter. Instead of the MCU board, only the IC would be used in a

series product together with all other BMS components assembled on one PCB.

For a more sophisticated balancing algorithm and additional control features,

further optional requirements have been considered at the bottom of the table.

Table 10: Selection of suitable MCU boards as BMS controller

Tiva C-Series Arduino Nucleo-
Features
LaunchPad Uno/Mega L476RG
MCU Manufacturer TI Atmel ST
ATMEGA328 /
T TM4C123 STM32L476
ype ATMEGA2560
Bit 32 8 32
18 Digital Out for 16 x /v v
switches / 2 Enable
3.3 V Output v x v
Low power v v
Optional:
SPI / UART / I2C v v/ v v
PWM v /v v
12 Bit DAC v x/ x v
Floating Point Unit v N v
(FPU)
. . 70x55 mm /
Dimensions 65x50 mm 80x70 mm
100x55 mm
HW Cost ~6€ ~1.5€ / 9€ ~5€

Based on the technical comparison, both the Tiva C-series and the Nucleo-
L476RG qualify as BMS controller. The small form factor of the TI MCU board was
ultimately the deciding factor for being selected. Photograph of the MCU boards are

given in Figure 75 and Figure 76.
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Figure 75: TI Tiva C-Series LaunchPad Figure 76: ST Nucleo-STM32L476RG
with debug interface (right side) [102] with debug interface (right side) [103]

7.5 Configuration of the demonstration prototype

The intended test setup for the active balancing demonstration prototype is shown
in Figure 77. A battery system consisting of eight lithium-ion cells is connected to
the monitoring HW and the switch-matrix. The DC/DC-converter is controlled
through the main controller and has a power interface to the switch-matrix. Finally,

the main controller and the monitoring HW are connected to the PC.

E— Power path
_]_ —0 —— Balancing —— Moeasurements
C8 ™ g -0
ﬁf_ prototype Comm
Type II
I e Digital I/Os
Battery cell | % Buck-Boost Analog signals
monitoring g
bqTOPLASSEVM | = o
! Ug} Simulink
| BMS Master
C1 T TI Tiva-C MCU 'Pi
— External
| Mode

Figure 77: Active balancing demonstrator setup
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Results

8 Results

The performance of the three investigated balancing types is analysed through

different approaches:

e MATLAB Numerical simulation
e PLECS Simulation

o HW Measurements

In Section 8.1, the numerical simulation results are presented. In Section 8.2, these
results are compared to the electrical simulation output generated in PLECS. Finally,

the HW measurements are used to confirm the simulation-based findings.

8.1 MATLAB numerical simulations

The newly introduced balancing methods are rated in terms of balancing efficiency,
average balancing time and provided battery capacity. This analysis is done by
MATLAB simulations and includes all three types with two different algorithms
each. Details on the balancing algorithms are given in Section 5.3 and in the
appendix. In order to classify the results, a reference active balancing method
(C2St2C) and passive balancing are simulated as well. To illustrate the balancing
principle, one battery setting with an initial SoC distribution has been chosen. The
simulation output is shown graphically in Section 8.1.2. The MATLAB numerical
simulation has been presented in Section 5.3. It was carried out using the equipment
and parameters listed below. The simulations were performed on a PC workstation

specified in Table 11.

Table 11: PC Workstation specifications

Tool Manufacturer Type / Version
PC Dell Precision T3600
PC Operating system Microsoft Windows 10 64 Bit
MATLAB/Simulink Mathworks Version 2018a
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8.1.1 Simulation parameters

For the batch simulations, the cell and balancing parameters are given in Table
12. The efficiency values for the different balancing types are derived in Section 6.3.
The current rating of the converters for Type I to III is assumed to be 10 A. For

the reference method, the real value of 2.5 A is taken for the simulations.

Table 12: Battery cell and balancing simulation parameters

Cell and HW parameter Symbol Value
Nominal capacity Chom 100 Ah
State of charge SoC 50%
Nominal voltage Unom 3.7V
Standard deviation of cell capacities 00 2%

End of balancing criterion Oend = 0. 109
Number of cells n 8

Balancing current for:

Type I and II1 10 A
Type IT I 10 A
Reference method C25t2C 2.5 A
Passive Balancing 0.2 A

8.1.2 Cell equalization for the different balancing circuits

To illustrate the balancing process of the new methods, one cell configuration has
been chosen (Chom = 0.49875 and o = 2.75%) and tested with the three different

methods and two algorithms. The initial cell capacity distribution is given as:

0.500
0.480
0.470

——— | o510

S0Cume =| 0.520 I
0.490
0.495
0.515

Figure 78 shows the balancing process for the given setup for each of the
investigated methods and the “Simple” algorithm. For Type Ia and Illa, the process
takes a little less than one hour whereas for Type Il balancing requires less than 50

minutes.
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MATLAB numerical simulations

To illustrate the effect of the different algorithms, the same setup is simulated but
with algorithm ”Smart” and with sorted cells. The balancing process can be
accelerated by both measures. Using the "Smart” algorithm reduced the balancing
time by 40.1%. If the cells are arranged in the battery system in descending order of
their capacity, the balancing time can be further reduced. Compared with the initial

setup, the reduction is 66.1%.
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with randomly assembled cells (a) and cells sorted in descending order (b)
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8.1.3 Summary

In this section, the results of the batch simulations are presented. Contrary to
Section 8.1.2, a multitude of different battery settings is simulated. The overall
balancing efficiency #p.is calculated according to (34) as a function of losses and

balanced charged.

Z QLOSS€S

Z QBal (34)

Npar =1—

The output of the batch simulation is compared in terms of balancing time,
efficiency and achievable capacity gain. The best results are highlighted in bold
script. Type Ib and Type I1Ib have not been simulated separately. Considering the
design, the same balancing efficiency is expected as for the a-types. Type Ila and IIb
are not distinguished as the balancing behaviour is the same.

Type I to III are listed in Table 13 and compared to the reference method C25t2C
and to passive balancing. The cells arrangement is random since this is the normal
case. The fastest balancing time is achieved by Type II method with the “Smart”
algorithm and the highest overall efficiency by Type Illa with the “Smart” algorithm
as well.

In Table 14, this is done for six settings of Type la balancing, which differ in the
algorithm involved and either random, ascending or descending cells arrangement.
Ascending means that the cell with the lowest capacity is at position 1 and the cell
with the highest capacity is at position n. Descending is in reverse order and for

random there is no order.
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Table 13: Comparison of simulations results for the different balancing types and random cells arrangement

Parameter Type Ia Type Ia Type IT Type IT Type Illa Type Illa C25t2C Passive
Algorithm Simple Smart Simple Smart Simple Smart N/A N/A
Cells arrangement Random Random Random Random Random Random Random Random
Avg. balancing time ¢z, 3619 s 3455 s 3385 s 2612 s 4081 s 3725 s 3501 s 28.4 h
Balancing efficiency #za 0.865 0.892 0.866 0.905 0.875 0.913 0.896 0
Capacity gain 1-Cucs/ Cpass 2.5% 2.8% 2.6% 2.5% 2.4% 2.4% 2.3% 0%
Table 14: Results for different simulation settings and Zype /a balancing

Algorithm Simple Smart Simple Smart Simple Smart

Cells arrangement Random Random Ascending  Ascending  Descending Descending

Avg. balancing time ¢p,; 3619 s 3455 s 3713 s 3193 s 3670 s 3165 s

Balancing efficiency #g.; 0.825 0.892 0.865 0.931 0.842 0.936

Capacity gain 1-Cac/Crass  2.5% 2.8% 2.6 % 2.6% 2.5 % 2.4%
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8.2 Verification by electronic circuit simulation

The verification of the calculation results takes place in two ways: Simulation and
measurements. Unlike for the numerical simulations, only few SoC distributions can
be tested due to increased technical expenses.

The electronic circuit simulation is performed in MATLAB using the power
electronics add-on PLECS. Thereby, the electric behaviour of the balancing
electronics as well as the batteries can be emulated and the code for the different

algorithms can be embedded into the simulation.

8.2.1 Simulation parameter and equipment

In addition to the simulation equipment specified in Section 8.1.1, PLECS 4.2 was
used for the simulations presented in this section. The PLECS simulations are based
on the same cell and HW parameter as stated in 8.1.1. The same configuration as in

Section 8.1.2 was used to allow a direct comparison.

8.2.2 Cell equalization

The cell equalization process can be simulated without any load current. Figure
80 shows the simulation output based on a battery configuration and balancing
settings already used in 8.1.2. Exactly the same setup was simulated numerically in
in Figure 78 (b). It can be clearly seen that the standard deviation constantly
decreases until the stop criterion is reached after approximately 1600 s. The steps
that are visible in the SoC curves are due to an increase of the simulation step size

from 1 s to 10 s to account for the slow operation switch-matrix.
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Verification by electronic circuit simulation
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Figure 80: Cell equalization during active balancing for Type II method (PLECS

simulation output)

8.2.3 Balancing during battery discharge

To demonstrate the ability of the balancing methods to prolong battery usage,
another simulation with constant discharge was performed. Figure 81 shows the
situation with passive balancing, where no action is taken during discharging.
Cell #7, like in Section 8.2.2, has the lowest initial SoC and therefore first reached
the end of discharge level after 3200 s. It should be noted that this level is not
exactly at 0% SoC but at around 5% due to the settings of the battery model.

On the other hand, in Figure 82, the cells are balanced by the Type II method.
Complete equalization is achieved after 1900 s and the end of discharge is prolonged
by 120 s or 3.4% respectively. The initial SoC of the eight cells is similar to the
simulation in Section 8.2.2 but scaled to 100%:

98



Results

0.8

0.6 -

Battery cell voltage (V)
State of Charge

0 500 1000 1500 2000 2500 3000 35( 0 500 1000 1500 2000 2500 3000 3500

Time (seconds) Time (seconds)

Figure 81: Simulation of cell voltages (a) and cells SoCs (b) without balancing during
discharging of eight-cells LIB
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Figure 82: Simulation of cell voltages (a) and cells SoCs (b) with active balancing

(Type II) during discharge of eight-cells LIB

8.3 Measurements

For the measurements, a prototype battery was deployed consisting of eight 18650
lithium-ion cells. Compared to the calculations and simulations in the previous
chapter, a rather small battery capacity was chosen to keep the test duration low.
The purpose of the presented measurements is to compare the different balancing
methods and to verify the working principle of the new types proposed in this thesis.

The setup is prepared for the equalization through positive balancing during idle
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Measurements

mode. Unlike for the simulation results, no general performance statement is possible

due to the limited configurations that can be tested.

8.3.1 Measurement equipment

All measurement devices and devices under test are listed in Table 15. In the

following sections more details can be found about the specifications.

Table 15: Measurement equipment

Device / Tool Manufacturer Type

PC Dell Latitude 7490

PC Operating system Microsoft Windows 10 64 Bit
MATLAB/Simulink Mathworks Version 2017b
Oscilloscope Lecroy HDO4034A

USB Interface Linear Technology DC 590B

Test battery Samsung SDI INR18650-25R
Active balancing board Linear Technology DC 2064A
Passive balancing board Texas Instruments bq76PL455A
Serial-to-USB adapter FTDI TTL-232R-5V

8.3.2 Test battery system

The parameter of the battery cell involved in the tests (Figure 84) are given in
Table 16. To determine the SoC of the cell, an OCV-curve (Figure 83) was generated
through linear fitting in MATLAB from data sheet values [104]. The corresponding

m-file is available in Appendix F. Because it was not possible to achieve exactly the

same SoC values for each cell and setup, the mean SoC is calculated for every test

setup and taken as a comparison value.

Table 16: Samsung INR18650-25R cell specification [104]

Manufacturer Samsung SDI
Type INR18650-25R
Nominal capacity @0.2C 2500 mAh
Min. capacity 2460 mAh
Nominal voltage 3.6 V-37V
Max. charge voltage 42V +£0.05V
Min. discharge voltage 2.5V

Max. constant discharge current 20 A

Cell chemistry

LiNiMnCoO2 (NMC)
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Figure 83: Linear fit of OCV-curve of 18650 lithium-ion cell battery cell [104]

The test battery system is configured as 8S51P, which means, that eight cells are

connected in series.

8.3.3 Voltage measurement

The initial and end SoC of the battery system is determined by the measured cell

(Ve
voltages U = |

Ucs

this purpose an evaluation BMS board by TI is used, the bq76PL455EVM (see
Figure 85). The specifications of the BMS IC are available in Table 4. The board
connects to a PC through a Serial-to-USB converter (Type: TTL-232R-5V).

) prior to the balancing process and after relaxation time. For

8.3.4 Passive balancing

Passive balancing can be performed by the same PCB that is used for the voltage
measurements specified in 8.3.3, the bq76PL455EVM. 75 € resistors are built in for
passive balancing which corresponds to a balancing current per cell of 40 to 56 mA.
The measurement setup is shown in Figure 87. The LT Active balancing board and
the USB interface are not used during passive balancing.

Passive balancing does not make sense for the given test case. In practice, during
idle mode or discharging no passive balancing is performed. The available battery

capacity is defined by the weakest cell, regardless of any balancing operations. The
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Measurements

equalization of the cells is usually done during charging or at the end of the charging

process.

8.3.5 Active balancing with reference board

The reference board for the active balancing is an LT DC2064A with LTC3300-1
AFE and active balancing controller .see. It is shown in Figure 86 and the main
specifications are available in Table 17. It provides 12 bidirectional flyback
converters to allow cell-to-stack-to-cell balancing. The board is controlled by an
application software running on Windows OS. An interface board LT DC590B is
used to connect the device to the PC over USB.

Figure 85: TI bq76PL455EVM Figure 86: LT DC2064A Active
Passive balancing BMS board [105] balancing BMS board [106]

Table 17: Main specifications of the active balancing board LT DC2064A

Manufacturer Linear Technology
Type DC2064A

AFE LTC3300-1
Balancing controller LTC6803-2 (2 pes)
USB Interface to PC DC590B

Max. balancing current 25 A

Balancing efficiency 88% - 92%
Number of cells 3-12

Type of balancing c2st2c

Figure 87 shows the hardware test setup. The test battery system is connected to

the active balancing board as well as to the monitoring BMS.
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Figure 87: Measurement setup with the prototype battery pack

The test battery system was set for an average SoC of approx. 32% with two

clearly undercharged cells (Cell #2 and Cell #6). The SoC of each cell was

determined by linear interpolation as described in 8.3.2.

3.522 0.372

3.522 /0.373\
3.353 0.163

O 3.519 0.367

Uc it = 3505 | V calculates to SoCpyr = 0.344 (mean value of 32.2%).

3.449 0.267

3.504 \0.342 /

3.505 0.345
Figure 88 shows the voltage measurement of all eight cells during balancing.

Cell #3 and Cell #6 start balancing together for about 320 s. After that, balancing
for Cell #6 is turned off while Cell #3 continues to balance for another 200 s. When
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the balancing stops, the cell voltage need some relaxation time before they show
their correct OCV.
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Figure 88: Active balancing process for DC2064A

To estimate efficiency and effectiveness, the SoC of each cell was recalculated. In

total, 2.2% of battery capacity was lost due to the balancing process.

3.490 0.316
3.485 0.315
3.505 0.344

Uc ena = I gjgé I V' calculates to S0Cppq = I 82%2 I (mean value of 30.0%).
3.461 0.282
3.455 0.274
3.457 0.277

8.3.6 Active balancing with 7Type Ila prototype

The test setup for Type Ila balancing was described in Chapter 7. The components
used to set up the demonstration prototype are listed in Table 18 with a reference

to the section of their introduction.
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Table 18: Active balancing prototype Type Ila

Device Type Specifications Reference
DC/DC Converter LT DC2596A 40V /3 A 7.1.3
Switch-matrix Own design 8 AC-switches 7.2.3
Controller TI Tiva Series 32 bit MCU 7.4
Voltage Logger bq76PL455EVM BMS Board 8.3.3

The hardware setup is described in Figure 77 and a photograph of the prototype
test system is shown in Figure 89. Instead of the L'T Board, a combination of two
switch-matrix units, a DC/DC converter and an MCU board is used to perform the
balancing according to Type I or II. The grey box on the right bottom is not a device
but merely represents the electrical connections between the switch-matrix and the

DC/DC converter.

4-Switch Buck-
Boost Converter

(R Illlf

To
Host PC

To
Host PC

Switch-
matrix
<>
Balancing
converter

Figure 89: Measurement setup with the Type Ila active balancing prototype

The battery system was prepared to accord with the cell distributions in Section

8.3.5. An initial SoC was determined as follows:
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3.490 0.329

/3.4—85 /0.315

3.337 0.150

 — 3.496 _— 0.330
Uc it = 3494 V calculates to SoCpyr = 0.328 (mean value of 29.6%).

3.442 0.257

\3.498/ \0.334/
3.497 0.333

Similar to Figure 88, the balancing process is illustrated in Figure 90. For this
method, more balancing operations are necessary. An equalized state is achieved

after 999 s and three different switch-matrix configurations.

39
Cell 3 is actively Cell 6 is actively
balanced Cells 1, 2 and 3 are balanced o
3.8 actively balanced / ... DBalancing is
1 L4 turned off
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g 35 _— L N
34 | e
" ; -—!—-—_,__
] ' — — 2
33 ‘\ ;} \_:,. CelLl Celli_
i . Cell 3 Cell_4
\i Remaining cells —Cell 5 —Cel 5
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31
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Figure 90: Active balancing process for Type Ila prototype

In total, 1.8% of battery capacity was lost due to the balancing process. The final

SoC of the system is calculated as follows:

3.446 0.263
/3.44-4\’ /0.260w
3.457 0.278
Uc ena = I gjg(l) I V' calculates to S0Cppq = I 8228 I (mean value of 27.8%).
3.480 0.309
3.466 0.290
3.466 0.290
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8.3.7 Findings

For the given setup, it has been shown, that the Type Ila method is able to
balance a battery system with a similar performance as the reference method:
Balancing took 999 s compared to 570 s for C25t2C but 18% less charge was lost.
In contrast to the simulations, the balancing current was only 3 A instead of 10 A.
Assuming 10 A, the equalization time would be 300 s and hence 47.4% faster than
C25t2C. The informative values of hardware measurements in the field of balancing
is limited. The performance depends strongly on the system configuration and the
capacity distribution of the battery cells. Therefore, it is recommended to rely on

the simulation results for an integral performance overview.

8.4 Part count

The cost and complexity of a hardware implementation depend strongly on the
amount and type of the used components. Table 19 lists the necessary components
for different balancing methods including Type I to Type III. The following parts

are considered:

e FET: Converter MOSFET (high switching frequency)
e Sw: Switch-matrix MOSFET (low switching frequency)
e R: Dissipative resistor

o (: Capacitor

e L: Inductor

e Tr: Transformer

e D: Diode
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Table 19: Part count comparison of different balancing methods

Architecture Ref. FET Sw R C L Tr D
Dissipative (Passive) 3.2.1 0 n n 0 0 0 0
PWDM converters 3.225 2n2 0 0 0 n-1 0 0
Switched capacitors 3.22.1 2n 0 0 n-1 0 0 0
Single switched capacitor 3.2.2.1 2n 0 0 1 0 0 0
Supercap converter 3.224 0 2n 0 1 0 0
Multiple transformer 3993 0 0 0 0
2.2. n n n

(Cell-to-Stack)
Multi-winding trans-

3.223 1 0 0 0 1 1 n
former (Stack-to-cell)
Bidirectional multiple

3.223 2n 0 0 0 0 n 0
transformer (C2St2C)
Single switched trans-

3.223 1 2n 0 0 0 1 0
former (Stack-to-cell)
Type Ia (This work) 5.3.1 2/4' 2n2 0 0 2 0 2/0
Type Ib (This work) 5.3.2 2 n-l 0 0 1 0 0
Type Ila (This work) 5.3.3 1/2' 2n-1 0 0 1 0 1/0
Type IIb (This work) 5.3.4 4 n+l 0 0 1 0 0
Type IIla (This work) 5.3.5 4 n 0 0 2 0 0
Type IITb (This work) 5.3.6 4/8"  2n 0 0 4 0 4/0

! Non-synchronous mode / Synchronous mode

Most active balancing topologies use many high-frequency MOSFETSs. This leads

to high implementation costs for the individual gate drivers and reduced efficiency

due to the switching losses. Type I to Type III require only between one and four

high-frequency switches but several MOSFETSs for the low-speed switch-matrix.

Table 19 does not include information on the complexity of the components. E.g.,

in 3.2.2.3 only one multi-winding transformer is required instead of n transformers

for the multiple transformer design. However, the multi-winding transformer can be

highly complex and lossy.
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9 Discussion

In this chapter, the findings and results are reviewed and the applicability and

technical challenges are discussed.

9.1 Comparison by spider chart

Each of the six designs has its own advantages: Type Ia uses a simple setup and
algorithm and delivers a similar performance compared to the reference circuit
C25t2C. Type Ib is a simplified version of Type Ia with one bidirectional instead of
two unidirectional converters. It relies on common DC/DC converters, which are
widely available in conventional as well as synchronous design. Type Ila and IIb
work with only one converter at a high balancing speed but with about the same
overall efficiency. In terms of balancing paths, Type Ila and IIb are similar. Whereas
Type Ila works with a unidirectional four-switch converter, Type IIb uses a
bidirectional, more complex one, but allows to reduce the amount of MOSFETSs in
the switch-matrix by almost 50%. On the other hand, the Type III methods use
more time to balance all cells but outperform the other methods in terms of efficiency.
For battery systems with higher number of cells in series, Type III would be the

method of choice.

la: 2 conventional converters; simple control
/v p
Type I

Ib: 1 bidirectional converter; lower part count than Ia

o IIa: 1 buck/boost converter; high balancing speed
Type 11

IIb: 1 bidirectional buck/boost converter; lower part count than I/a

o Illa: 1 high- and 1 low-side converter; high balancing efficiency
Type 11T
I11b: 4 high- and low-side converter; half the balancing time of Illa
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The six different types that are discussed in this thesis are rated according to the
classification method described in Section 3.2 and shown in Figure 91. In general

they achieve a high efficiency and power which results in a fast balancing process.

——Type Ia ===Type Ib Type Ha
Type IIb Type 1lla Type IIIb
Cost
4
2
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Size \ \/ Speed
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Figure 91: Spider chart of the new balancing methods

9.2 Applicability of the proposed methods

As mentioned in earlier chapters, active balancing is usually restricted to battery
modules and not the complete system. Common module sizes range between 7 and
16 cells, depending on the battery cell type and the system voltage. In this section,
it is shown, what overall balancing efficiency can be expected as a function of the
module size (n = 4..16).

For cells positioned high in the module, the balancing efficiency is low and can go
down to 54%, even if high-efficient converters are used (see Figure 92). This effect
is due to the fact that only a fraction of the total converter power is used for the
actual cell balancing. Due to the fact that the Type III methods only access n/2 of

the cells in the stack, the average balancing power and hence the losses can be halved.
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9.3 Challenges

The drawbacks of the new methods are the high power rating of the converters
involved. For an eight cells battery system and a balancing current of 10 A, the
required converter power is more than 280 W for Type I and Type II and around
150 W for Type III. The implementation of innovative power electronics concepts
such as synchronous design, wide-bandgap semiconductors and high-frequency core
material will further increase the achieved power density and conversion efficiency.
Growing activity on the part of the manufacturers is seen in this field as well. LT,
TI and Renesas have presented new ICs for high-efficiency DC/DC conversion in
2018. Technically, it is possible to integrate the power management IC together with
the switch-matrix and balancing controller into one package and further simplify the
design and complexity of the proposed circuits.

The new active balancing methods also compete with different concepts for higher
efficiency in today’s passively balanced battery systems. These are optimized battery
configurations with a high number of parallel cells, the use of pre-sorted cells to keep

the capacity spread low and good thermal pack design for low temperature gradients

inside the pack.
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9.4 Outlook

As the development of batteries and BMS progresses, new fields of applications

and perhaps a different main focus of active balancing circuits will show up.

9.4.1 Future applications

Second life applications have been mentioned several times throughout the thesis.
It is an economic and ecologic requirement of battery system integrators to offer an
end-of-life plan for their old batteries. Especially in low power applications, worn-
out battery cells can be in use for a considerable amount of time. Here, active
balancing provides the option to use cells of different health and age in the same
system. The performance of such systems can be further optimized by pre-sorting
the cells for confectioning.

Based on the findings on performance-affecting battery parameters, the proposed
active balancing methods bear their advantages especially in systems with only one
cell in parallel (nS1P). Such systems are found in small size batteries, e.g. for electric
tools. But also in HEV | batteries of rather small capacities with a system voltage of
several hundred volts are used. In HEV, the proposed methods would also support

the fast charging characteristics of this application.

9.4.2 Additional features

The proposed balancing circuits can be used for any other purposes that require
direct cell access and monitoring. One of the most promising ones is impedance
spectroscopy. By applying a frequency-variable AC current signal to the cell, the
battery health can be analysed.

Other possible features are based on the computational power of the BMS. Using
the current and historic measurement data, the battery becomes “smart”. Predictive
maintenance, diagnostic systems or sophisticated charge and discharge profiles are
possible extensions to increase the reliability and lifetime of the battery.

The development of a high-efficient, low-voltage DC/DC converter as a balancing
stage could also initiate its use as a power interface rated for the nominal battery
power. Such hardware is required for single-cell converters, where the required

system voltage is generated from one cell only.
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9.4.3 Continuation of the work

Additional to the six topologies presented in this thesis, other “Buck-in/Boost-

Out” circuits are possible by varying the amount and type of DC/DC converters.

Also, the power rating of the balancing stage is flexible: Depending on the parts of

the converters and switch-matrix a balancing circuit for e.g. 5 A or 2 A can make

sense as it might successfully compete with passive balancing solutions of the same

power rating.

The continuation of the presented thesis can be performed in different technical

domains, such as:

e New balancing methods

Deriving and investigating other possible topologies

e Hardware

Redesigning of the active balancing HW and implementation on
one PCB

Implementation of Type III balancing in HW with high-side
DC/DC converter

Increasing the number of accessible cells from 8 to e.g. 16

e Firmware

Integration of SoC and SoH algorithms into the main controller
Improving balancing efficacy by implementing optimized
algorithms based on neuronal networks or machine learning
Adding communication interfaces, logging capability and remote

configurability to the BMS controller

e Tests and measurements

Performing long-term tests for different end applications and
battery sizes and compare with passive balancing systems
Investigation of the effect of high battery currents on battery

ageing and degradation
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9.5 Conclusion

This thesis presents a new set of methods for active balancing in lithium-ion

battery systems. The most important findings are:

1) Selective active balancing of battery cells in a stack by means of the
proposed methods using non-isolated DC/DC converters is possible

2) An electric efficiency of approximately 96-98% is technically feasible using
DC/DC converters with synchronous rectification

3) The achievable converter efficiency is sufficient to build a high-
performance balancing circuit for eight cells in series by implementing the
proposed balancing circuits

4) 1In simulation, the presented novel active balancing methods outperform a
reference active balancing method based on bidirectional flyback
transformers

5) For every battery system configuration and application, the balancing

requirements are different

The need for active balancing in industrial applications and the estimated benefits
are derived from analytical calculations using probability theory. Based on numerical
simulations, electrical circuit simulations and measurements, the function principle
and performance of the new balancing methods have been analysed. The presented
balancing types are compared to other methods know from literature in terms of
several rating parameters including part count. Considering balancing speed and
overall efficiency they outperform the existing approaches.

A comparison with a conventional active balancing solution C25t2C' shows a
reduction of balancing losses of up to 16.3% and a reduction of the time required to
balance a battery system of up to 27.5%. If the battery system is prepared prior to
the test with cells assembled in ascending or descending order regarding their
capacity, the balancing losses are reduced by 38.5%.

Type Ila and C25t2C balancing are also compared by measurements using a newly
developed hardware. For the given setup, it is shown, that the Type Ila method is
able to balance a battery system with a similar performance as the reference method.

18% less charge was lost during the balancing process for Type IIa method.
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The ideal application of the novel balancing methods are battery systems with a
high capacity spread like batteries consisting of second-life cells. Under such
conditions, the benefits of the active balancing methods can clearly exceed the
calculated performance values.

Compared to passive balancing, more charge can be extracted from a battery pack
when balancing takes place during the discharging process. The simulations show a
high flexibility and configurability of the investigated methods. The proposed
circuits provide a competitive alternative to existing active balancing solutions,

regardless of the battery system setup and performance demands of the operator.
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Appendices

A Additional patented circuit configurations

Beside the architectures shown in Chapter 5, two additional active balancing
architectures have been included in the patent file. The meaning of the designations
in the drawings is listed below:

40: Active balancing battery system
50: Battery cell stack
60-61: Switch-matrix
70-76: DC/DC converters
80: Balancing unit
90: Measurement and control unit
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B m-file: Calculation of available capacity

%% Calculation of available capacity

%init
efficiency = 0.8; % balancing efficiency

mean value 100; % mean value of all cells

m = 1; % one parallel cell
3 =0; k=1;
factor = 2.5

std dev = 1.3; % cells at BoL

% Calculate for parallel cells acc. to equations
for m = 1:10

c _pass _calc 1(k) = mean value - factor*std dev/sqrt (m);
c_act calc 1(k) = mean value - (l-efficiency)*factor*
std _dev/sqgrt (m) ;
k = k+1;
end
k =1;

std dev = 2.5; $ Cells at EoL

% Calculate for parallel cells acc. to equations
for m = 1:10

c _pass_calc 2(k) = mean value - factor*std dev/sqrt (m);
c_act calc_2(k) = mean value - (1-

efficiency) *factor*std dev/sqgrt (m) ;
k=k+1;

end

C m-file: Batch simulation

%% Batch simulation “for”-loop

[)

for i = 1:10000 % Number of simulations

Insert code for balancing method here (see 6.2.2.1)

o

°
o
°

% Sum of usable capacity
active = active + min(cells);
% Overall efficiency

overall = overall + 1 - (losses/sum_current);
average time = average time + time;% Sum of time
i =1+ 1; % Increase index of “for”-loop

end
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D m-File: Module restricted balancing

%% Calculation of minimum mean capacity values in modularized

for

end

battery systems

m= 1:6

% Batch simulation for loop

for I = 1:10000

% For loop to vary the standard deviation of the cells

% Cell matrices are filled with randomly generated

capacity values with a standard deviation of m/2%

cells = 100+m/2 *randn (96, 1); %

96 100Ah cells

cells48(1,:) = 100+m/2.*randn (48, 1); % 48 100Ah cells
cellsd48(2,:) = 100+m/2.*randn (48, 1); % 48 100Ah cells
cells32(1l,:) = 100+m/2.*randn (32, 1); % 32 100Ah cells
cells32(2,:) = 100+m/2.*randn (32, 1); % 32 100Ah cells
cells32(3,:) = 100+m/2.*randn (32, 1); % 32 100Ah cells
cells24(1,:) = 100+m/2.*randn (24, 1); % 24 100Ah cells
cells24(2,:) = 100+m/2.*randn (24, 1); % 24 100Ah cells
cells24(3,:) = 100+m/2.*randn (24, 1); % 24 100Ah cells
cells24(4,:) = 100+m/2.*randn (24, 1); % 24 100Ah cells
cellsl6e(l,:) = 100+m/2.*randn (16, 1); % 16 100Ah cells
cellsl6 (6,:) = 100+m/2.*randn (16, 1); % 16 100Ah cells
cellsl2(1l,:) = 100+m/2.*randn (12, 1); % 12 100Ah cells
cellsl2(8,:) = 100+m/2.*randn (12, 1); % 12 100Ah cells
cells8(1,:) = 100+m/2 *randn (8, 1); % 8 100Ah cells

cells8(12,:) = 100+m/2.*randn (8, 1); 8 100Ah cells

%% calculate resulting mean value
mu_tot (i) = mean(cells);
passive (i) = min(cells);

)
mu 48min (i) = min (mean(cells48’));
mu 32min (i) = min(mean(cells32’));
mu_24min (i) = min(mean(cells24’));
mu_lémin (I )= min(mean(cellsl6’));
mu_12min (i) = min(mean(cellsl2’));
mu 8min (i) = min(mean(cells8’));

end

oo

%% calculate over all mean values
mu_overall (m) = mean (mu_tot)
mu_passive (m) = mean (passive)
mu_overall48min(m) = mean (mu_48min)
mu_overall32min (m) = mean (mu_32min)
mu_overall24min (m) = mean (mu_24min)
mu overalllémin(m) = mean (mu_ lémin)
mu_overalllZmin(m) = mean (mu_12min)
mu_overall8min (m) = mean (mu_8min)
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E  m-File: Definition of battery model parameters

%% Battery model parameter generation
u=1:-0.01:0;, % x—-axis

Q

u flip = fliplr(u); % Flip x-axis

% OCV curve
c v =-1.031*exp(-35*u)+3.685+0.2156*u-0.1178*u.”2+.3201*u."3;

% RC part 1
rl = 0.3208%exp(-29.14*u)+0.04669;
cl = -752.9%exp(-13.51*u)+703.6;

% RC part 2
r2 = 6.603%*exp(-155.2*u)+0.04984;
c2 = -6056%exp (-27.12*u)+4475;

F  m-File: OCV-curve fitting

%% Battery OCV curve for Li-TIon cell INR 18650 25R

soc =[(0,0.01,0.02,0.052,0.12,0.2,0.336,0.5,0.604,0.72,0.812,
0.92,17;

ocv = [2.5,2.7,2.9,3.1,3.3,3.4,3.5,3.6,3.7,3.8,3.9,4,4.11;

% Create the linear fitted curve
Fit = createFit (ocv, soc);

% Define initial and end cell voltages of the battery system
voltages init = [3.522186 3.353119 3.522339 3.518982 3.50502
3.448868 3.503647 3.505402];
voltages end = [3.485184 3.504715 3.484726 3.481293 3.456116
3.460541 3.454666 3.456573];

Q

% Calculate initial and end SoC and mean values

soc_init = fit(voltages init);
soc_end = fit(voltages end);
mean _init = mean(soc_init);

mean_end = mean (soc_end) ;

% Calculate overall efficiency
efficiency = mean end/mean init
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G  m-file: Initialization of PLECS simulation

$%BMS Parameters
efficiency = 0.9;
ibal = 2.5;

%% Battery Parameters
n_series = 1; % number of series-connected cells

n parallel = 1; % number of parallel branches
SOC_init = [0.5,0.485,0.475,0.51,0.52,0.49,0.495,0.515];

polarizingRshift = 0.10; % shift polarizing R by 10%

cellNominalV = 3.6; % voltage at end of nominal zone
cellFullChargeV = 4.2; % voltage at full SOC

[o)

cellExponentialV = 3.9; % voltage at end of exponential zone

[o)

cellRatedCapacity = 100; % cell rated capacity
cellMaximumCapacity = 100; % cell maximum capacity
cellNominalCapacity 90; % cell capacity at end of nominal
zone

cellExponentialCapacity = 10; % cell capacity at end of
exponential zone

cellNominalDischargel
cell
cellInternalR = 0.01;

100; % nominal discharge current for

o\

internal cell resistance
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H LT8708 Efficiency measurements

Vin lin Pin Vout Tout Pout Efficiency Dissipation
30.072 1.631 49.057 4.462 10.091 45.027 91.78% 4.030
30.072 1.974 59.368 5.464 10.103 55.207 92.99% 4.162
30.072 2.314 69.578 6.464 10.099 65.281 93.83% 4.297
30.072 2.647 79.598 7.463 10.077 75.209 94.49% 4.389
30.072 2.981 89.634 8.465 10.058 85.140 94.99% 4.494
30.072 3316 99.706 9.464 10.049 95.111 95.39% 4.595
30.072 3.650 109.765 10.465 10.041 105.086 95.74% 4.679
30.073 3.984 119.806 11.464 10.037  115.066 96.04% 4.740
30.073 4320 129913 12.467 10.037  125.133 96.32% 4.780
30.073 4.657 140.051 13.467 10.042  135.236 96.56% 4816
30.073 4995 150.201 14.467 10.049 145376 96.79% 4.825
30.073 5330 160.288 15.468 10.052 155482 97.00% 4.806
30.073 5662 170277 16.467 10.050 165.501 97.20% 4.777
30.074 5984  179.958 17.469 10.033  175.271 97.40% 4.687
30.074 6.304 189.577 18.470 10.015  184.975 97.57% 4.602
30.074 6.635 199.544 19.471 10.017  195.054 97.75% 4.490
30.074 6.963 209413 20.474 10.016  205.075 97.93% 4338
30.074 7280  219.202 21473 10.012 214978 98.07% 4223
30.074 7.622 229213 22475 10.018  225.164 98.23% 4.048
30.074 7.949  239.057 23.475 10.017  235.137 98.36% 3.920
30.075 8274  248.838 24476 10.013  245.091 98.49% 3.747
30.075 8582 238.113 25474 9993 254552 98.62% 3.561
30.073 0.945 28.428 26.112 1.037 27.082 95.26% 1.346

***Load set to CV and swept from 4V to 26V

100.00% 12.000
99.00% 10.800
98.00% - — 9.600
97.00% 8.400

o, 96.00% 7.200
2
g 95.00% ‘ 6.000 3
2 “
o
94.00% 4.800
93.00% “\ 3.600
92.009 . 2.400
% ——Efficiency vs Vout \l
91.00% Tout vs Vout 1.200
90.00% 0.000
0.000 5.000 10.000 15.000 20.000 25.000 30.000

Vout
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Vout Tout Pout Vin lin Pin Efficiency Dissipation
26.021 9981 259.717 30.082 8.478 255.0275 98.19% 4.689
25.030 9974  249.643 30.061 8.146 244.8813 98.09% 4.762
23.985 9958 238.851 30.042 7.787 233.9462 97.95% 4.905
23.041 9935 228926 30.025 7.458 2239287 97.82% 4997
22.033 9921 218.592 30.008 7.114 213.4836 97.66% 5.108
20.945 9910  207.560 29.990 6.745 202.2858 97.46% 5.274
20.051 9.901 198.524 29975 6.445 193.2028 97.32% 5.321
19.052 9.893  188.481 29.960 6.110 183.0651 97.13% 5.416
17.997 9879 177.794 29.942 5.756 172.3313 96.93% 5.463
16.975 9.867 167.499 29.926 5.414 162.0112 96.72% 5.487
15.975 9.857 157.459 29.910 5.080 151.9473 96.50% 5.512
14.997 9.845  147.648 29.894 4.755 142.1519 96.28% 5.496
13.986 9.819 137.327 29.878 4415 131.9036 96.05% 5.424
12.988 9.794  127.203 29.863 4.081 121.8585 95.80% 5.345
11.997 9.756  117.037 29.847 3.746 111.8009 95.53% 5.236
10.990 9.699  106.593 29.831 3.402 101.4847 95.21% 5.109
10.003 9.620 96.222 29.816 3.062 91.30133 94.89% 4921

8.999 9511 85.592 29.801 2.714 80.87856 94.49% 4714
7.999 9.146 73.160 29.782 2311 68.83904 94.09% 4321
6.999 8.716 61.008 29.765 1.918 57.08889 93.58% 3919
5.993 8.289 49.678 29.748 1.552 46.15715 92.91% 3.520
5.004 7.874 39.398 29.732 1.220 36.26115 92.04% 3.137
4.001 7.461 29.846 29.718 0910 27.05563 90.65% 2.790
***Load set to CV at 29.6V to show Input current limit
99.00% 10.500
98.00% — 10.000
97.00% 9.500
96.00% 9.000
% 95.00% ——Efficiency vs Vout 8.500
g Iout vs Vout E
o 94.00% 8.000
93.00% 7.500
92.00% 7.000
91.00% 6.500
90.00% 6.000
0.000 5.000 10.000 15.000 20.000 25.000 30.000
Vout
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I

BoM of DC/DC converter

Item |Qty  |Reference Part Description Manufacturer / Part #

1 3 CIN1.CIN2.CIN3 CAP., ALUM., 33uF, 80V, 20% PANASONIC, EEHZATK330P

2 3 COUTL,COUT2.COUT3 CAP., ALUM,, 36uF, 63V, 20% SUN ELEC., 63HVH36M

3 4 Cl1.C2.C3.C4 CAP., 10uF. X78, 100V, 10%, 2220 TDK. CKGS57KX7S2A106M3351H

4 2 C5.C8 CAP., 0.22uF. XTR. 16V, 10%, 0603 MURATA, GRM188R71C224KA0LD
5 2 C6.C9 CAP., 1000pF, X7R. 25V, 10%, 0603 MURATA, GRM188R71E102KAQ1D
6 4 €7.C10.C12,C14 CAP., 1000pF, X7R, 100V, 10%, 0603 MURATA, GRMI88R72A 102KA01D
7 10 |CILCIZCISOPT) CAD., 0603

8 3 £25,027.C35 CAP., 100F, XTR, 25V, 10%, 0603 MURATA, GRM188R71E103KA01D
9 4 Cl16,C18.C23,C24 CAP., 3.3nF, X7R, 25V, 10%, 0603 MURATA, GRMI88R71E332KA01D
10 |1 C17 CAP., 4.7uF, X7R, 16V, 10%, 0805 MURATA, GRM21BR71C475KA73L
1 |2 €19.C21 CAP., 4.7uF, X78, 100, 10%, 1206 AVX, 120617475KAT2A

12 |2 C20,C22 CAP., 4.7uF, X5R, 10V, 10%, 0603 MURATA. GRMI188R61A475KETSD
13 1 C26 CAP., luk, X7R, 25V, 10%, 0603 MURATA, GRM188R7TETOSKA121)
14 |2 28.C29 CAP., 100pF, COG, 25V, 3%, 0603 Wurth Elektronik, 885012006038

15 1 C30 CAP., 220pl, COG, 25V, 5%, 0603 Wurth Elcktronik, 885012006040

16 1 C31 CAP., 4.7nl", X7R, 25V, 10%, 0603 MURATA, GRM188RT1E472KA01D
17 1 €39 CAP., luF, X7R, 10V, 10%, 0603 MURATA, GRM188R7IA105KAG1D
18 |1 €33 CAP.. ALUM., 22ul’, 100V, 20% SUNCON, 100CLE22BS

19 1 C34 CAP., Iul'. X7R, 100V, 10%, 1210 MURATA. GRM32ER72A105KAOIL
20 |1 C36 CAP., 2.2ul, X5R. 10V, 10%, 0603 MURATA. GRM188R61A225KE34D
21 |1 o7 CAP., 4.7pF, COG, 50V, 5%. 0603 MURATA, GRMI885CITMTO0JAOID.
22 |1 <38 CAP., 47uF, X5R. 10V, 10%, 1210 MURATA. GRM32ERGIA476KE20L
23 |2 €32.C40 CAP., 0.1uF, X7R. 25V, 10%, 0603 MURATA. GRM188R71E104KA0ID
24 |2 D1.D2 DIODE. 200V, 1A, SODI123F CENTRAL SEMIL.. CMMRIU-02

25 |2 D3.D4 DIODE. SCHOTTKY, 100V, POWERDI 123 DIODES INC., DFLS1100-7

26 |3 J1,J2.13 STUD, TEST PIN PEM, KFH-032-10ET

27 |3 J1,J2.J3 NUT. BRASSNUTS # 10-32 ANY £10-32M/8 BR L.

28 |3 J1,J2,J3 RING, LUG RING # 10 KEYSTONE RING 410 8205

29 |3 J1,J2.03 WASHER, TIN PLATEI BRASS ANY £10 EXT BZ TN

30 |0 J4,15(opt) CON.. 2PIN

31 |1 To HEADER 4 PIN 0.100 DOUBLE ROW ‘Wuzth Elektronil. 61300821121

32 |1 J7 HEADER 8 PIN 0.100 DOUBLE ROW ‘Wurth Elektronik, 61301621121

33 |1 J8 HEADER 13 PIN 0.100 DOUBLE ROW ‘Waurth Elektronik, 61302621121

34 |1 L1 IND., PWR., HIGH CURRENT, 15uH, +10% COILCRAFT, SER2918H-153KL

5 |1 L2 IND., PWR., 22uH VISHAY, IHLI2525CZER220M 11
36 |4 MI1,M2,M3.M4 XSTR., MOSFET, N-CH, 80V, 100A PG-TDSON-§INFINEON, BSCO47NO8NS3 G

37 |0 M35.MO0.M7.MB(OPT) N-CI1, PG-TDSON-8

38 |1 Ql TRANS, NFN, 140V, 0.06A. SOT-23 FAIRCIILD SEMI., MMBT3904

39 |0 Q2(OPT) TRANSISTOR. SOT-23

40 |2 RSNSLRSNS3 RIS, CIIIP. SENSL. 0.004 OIIM. 3W, 1%, 2512 |SUSUMU, KRL64320-M-R004-I'-T1
41 |1 RSNS2 RES, CHIP. SENSE. 0.006 OHM, 3W, 1%, 2512 |SUSUMU, KRL6432E-M-R00G-F-T1
42 |1 RT1 THERMISTOR, 10K, NTC, 0603 MURATA, NCP18XII103J03RB

44 |5 R2.R4.R5.R10.R59 RES, CHIP. 1 OHM. L/10W, 1%, 0603 VISHAY., CRCW0603 1IROOFKEA

45 |4 R3.R6.RIZ.R14 RES, CHIP. 0 OHM, L/10W, 1%, 0603 VISHAY. CRCW06030000Z0EA

46 |1 R7 RES, CHIP. 3.3 OHM. L/10W, 1%, 0603 VISHAY. CRCW06033R30FKEA

47 |3 R8.R9.R16 RES. CHIP, 10 OHM, 1/10W, 1%, 0603 VISHAY, CRCW0603 10ROFKEA

48 |5 R11,R24.R25,R26,R27 RES, CHIP, 23.7K, I/10W, 1%, 0603 VISHAY, CRCW060323K7FKEA

49 |2 R17.R19 RES, CHIP, 475K, 1/10W, 1%, 0603 VISHAY. CRCW0603475KFKEA

50 |1 R18 RES, CHIP, 750K, 1/10W, 1%, 0603 VISHAY, CRCW0603750KFKEA

31 2 R23,R28 RES. CHIP, 20.0K, 1/10W, 1%, 0603 VISHAY, CRCWO060320K0FKEA

32 |4 R29.R30,R31,R32 RES, CHIP, 34 8K, 1/10W, 1% VISHAY. CRCWO60334K8FKEA
51 |ra3 237K, vi KFKE

534 1 R34 L 147K, T/10W, 1 VIS . 314K 7FKE.

55 10 R45,R47 R55.R60.R62,R63,R64, R66,R67. RARES, CHIP, 10K, 1/10W, 1%, 0603 VISHAY. CRCWO0603 10KOFKEA

36 |2 R35.R37 RES, CIIIP, 174K, 1/10W, 1%4, 0603 VISIIAY, CRCW060317K4FKEA

57 |2 R36.R38 RIS, CIIIP, 200 OIIM. 1/10W, 1%, 0603 VISIIAY. CRCWO0603200RTKEA

58 |3 R39.R40.R41 RIS, CIIIP. 46.4K. L/10W, 1%, 0603 VISIIAY. CRCWO0G0340KAIKEA

39 |1 R42 RIS, CIHIP. 47.5K. I/10W, 1%. 0603 VISHAY. CRCWO060347K3IKEA

60 |1 R43 RES, CHIP. 232K. 1/10W, 1%, 0603 VISHAY. CRCW0003232KFKEA

61 |1 R44 RES, CHIP. 130K. 1/10W, 1%, 0603 VISHAY. CRCW0603130KFKEA

62 |3 R46,R49_R56 RES. CHIP, 100K. 1/10W_ 1%, 0603 VISHAY, CRCWO0603100KFKEA

63 1 R48 RES, CHIP, 365K, 1/T0W. 1%, 0603 VISHAY. CRCWO0603365KFKEA

64 |1 R350 RIS, CHIP, 20K, 1/10W, 19, 0603 VISHAY, CRCW0G0320K0IKEA

65 |2 R31.R52 RIS, CHIP, 213K, I/10W., 1%, 0603 VISHAY, CRCWOG0321K3FKEA

66 |4 R53,R54,R57.R58 RES. CHIP, 23.2K, 1/10W, 1%, 0603 VISHAY, CRCW060323K2FKEA

67 |1 R63 RES. CHIP, 71.5K, 1/10W, 1%, 0603 VISHAY, CRCW060371KSFKEA

68 |2 R69.R71 RES, CHIP, 1M, IX10W, 1%, 0603 VISHAY. CRCW0603 1 MOOFKEA

02 |1 R70 RES, CHIP, 25.5K, 1/10W, 1%, 0603 VISHAY, CRCW060325KSFKEA

70 |1 R76 RES, CHIP. 115K, 1/10W, 1%, 0603 VISHAY. CRCW0603115KFKEA

71 1 Ul 1C.. BUCK-BOOST DC/AC CONTR. 401-3X8-UH|LINEAR TECH., I.T8708EUHGHPBF
72 1 U2 LC. REGULATOR, 20-T8SOP LINEAR TECH., 1.T863 1 EFE#PBF
73 |4 MHI-MH4 STAND-OFF, NYLON 0.375" Wurth Elektronile, 702933000

74 |1 P'CB, DC2596A DEMO CIRCUIT 2596A
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J Configuration settings of bq76PL455EVM BMS board

IAddress | Register Name Value Address | Register Name Value
3 Command Channel Select 00FFO0000 | 104 Communication Fault Masks 0
7 Command Oversampling B 106 System Fault Masks 10
10 Device Address 0 107 Device Fault Masks 0
11 Group ID 0 110 Fault Output Control FFCO
12 Device Control 0 120 General Purpose 10 Direction | 0
13 Number Channels 8 121 General Purpose Output 0
14 Device Configuration 10 122 General Purpose Pullup 0
15 Power Configuration 80 123 General Purpose Pulldown 0
16 Comm. Configuration 1080 125 General Purpose Fault Input 0
18 UART Transmitter Holdoff | 0 140 Comparator UV Threshold 68
19 Balance Configuration 40 141 Comparator OV Threshold 98
20 Balancing Enable 0 142 Cell UV Threshold 70A4
30 Test Configuration 0 144 Cell OV Threshold C28C
32 Test Control 0 146 AUXO0 UV Threshold 0
34 ADC Output Test 0 148 AUXO0 OV Threshold FFFC
37 AUX Pullup Test Control 0 150 AUX1 UV Threshold 0
40 Comm. Timeout 0 152 AUX1 OV Threshold FFFC
41 Comm. Timeout Counter 0 154 AUX2 UV Threshold 0
50 Auto-Monitor Period 0 156 AUX2 OV Threshold FFFC
51 Auto-Mon. Channel Select 0 158 AUX3 UV Threshold 0
55 Auto-Mon. Oversampling 0 160 AUX3 OV Threshold FFFC
61 Initial Sampling Delay 0 162 AUX4 UV Threshold 0
62 g:i;iig ‘glie:iigemal Temp | b 164 AUX4 OV Threshold FFFC
63 AUX Sampling Period 44444444 | 166 AUXS5 UV Threshold 0
67 Test Sampling Periods F999 168 AUX5 OV Threshold FFFC
81 System Status 80 170 AUX6 UV Threshold 0
82 Fault Summary 800 172 AUX6 OV Threshold FFFC
84 Cell UV Fault 0 174 AUX7 UV Threshold 0
86 Cell OV Fault 0 176 AUX7 OV Threshold FFFC
88 ?E:eiifzfdi‘r;ieli/over_ 0 200 Customer Scratchpad 0
90 Comparator UV Fault 00CO 210 Customer Cell Offset 0
92 Comparator OV Fault 0 211 Customer Gain Offset 0
94 Communication Fault 0 240 Customer Checksum 17D292DC
96 System Fault 0 250 EEPROM Burn Count 2
97 Device Fault 0

141




K

Schematics of the switch-matrix unit PCB
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L  Schematics of the DC/DC converter PCB

N : < - - 5
T 3 T
= i
< : £
- =
run - ane -0,
o i N u s PN
W 7 3 3 skl vouT
A o AP o —h , e
SrTRAr AL
; 1L 18
|- 3 -G
. B
E AT K-
«
@ LE= l
o . 2 -
»
» oot am
ane sools
i w x " Lio oft
owm . o1
: & e
P —
—— -
B E E B 5 7 9 8 E BE B At
o BB a g 8 z E B B coror
g 2 g -
coem - b
FBIN vouTLonon (5 Ly
s o
s o =
H e o
S pronnp |11 v
k4 B o oy | o m -
= Locss o op | ion am
X -
IMON_ON ~ B o
o o . - ™
& C
- B o 0
- e w ¢ & - o - .
P s f & : £ n ¢ 8 o = 2 3-8 "
o = | o «f o o] < wf e o = oer ™
| W I o
o o fisk 1 s smrsors D
iy @ ! d mour a2 Sl ] 10 il 243K rom 100
P e u i S e
=) o N u
= T s s e o on
% . "
- 1 1t K
= 1 1o o] e =
«
o
2
HF25CTERZA0MN1 - 38 310 18- 0K 0T 61825 3K
et 03 i}
o N W 7w
m. T
oumouon
x 0
i
hal CUSTOMER NOTICE
Fror—trey
B D, e a0
e
NOTE: UNLESS OTHERVISE SPECIFIED E
Gptional aus voltage comverter
oeciemmifoun e
T — -
e e vemonnis,
e e T
: z - r 5

146



	Abstract
	Résumée
	Zusammenfassung
	Acknowledgment
	Preface
	Table of contents
	1 Introduction
	1.1 Motivation
	1.2 Structure of the thesis
	1.3 Symbols and variables

	2 Technical background
	2.1 Historical retrospect
	2.1.1 Early rechargeable batteries
	2.1.2 The rechargeable lithium-ion battery

	2.2 Battery management system
	2.3 Battery state estimation
	2.3.1  State of charge (SoC)
	2.3.1.1. Look-up table for C-V characteristics
	2.3.1.2. Coulomb counting
	2.3.1.3. Electric equivalent electric circuit
	2.3.1.4. Kalman filter

	2.3.2  State of health (SoH)

	2.4 Battery modelling
	2.4.1 Type of models
	2.4.1.1. Electrochemical models
	2.4.1.2. Electrical equivalent circuits
	2.4.1.3. Mathematical black box models

	2.4.2 Electrical model data acquisition
	2.4.2.1. OCV measurement
	2.4.2.2. Battery impedance spectroscopy


	2.5 Battery ageing

	3 State of art of balancing methods
	3.1 Definition of terms
	3.2 Overview
	3.2.1 Passive or shunting balancing
	3.2.2 Active balancing
	3.2.2.1. Switched capacitors
	3.2.2.2. Switched inductor or boost shunting
	3.2.2.3. Switched transformers
	3.2.2.4. Buck-boost converter with energy tank (Super capacitor converter)
	3.2.2.5. PWM converter
	3.2.2.6. Cûk and resonant converter

	3.2.3 Other methods for battery balancing
	3.2.3.1. Low-loss cell bypassing
	3.2.3.2. Full-bridge converters

	3.2.4 Summary

	3.3 Performance and feature comparison
	3.3.1 Rating balancing methods according to review papers
	3.3.2 Rating of balancing types and algorithms
	3.3.3 Efficiency measurements of balancing prototypes

	3.4 Cell-to-cell variation of lithium-ion batteries
	3.5 Relevant patents
	3.5.1 Switched inductors
	3.5.2 Single switched inductor
	3.5.3 Flyback converters
	3.5.4 Non-isolated bidirectional converters
	3.5.5 Full-bridge converters

	3.6 Commercial solutions for active balancing
	3.6.1 Battery cell monitors for active balancing
	3.6.2 Active BMS boards from third-party suppliers

	3.7 Summary of state of art research

	4 Analysis of active balancing potential
	4.1 Analytical view on charge transfer during balancing
	4.2 Available capacity and energy savings
	4.2.1 Battery systems with one cell in a level (1SnP)
	4.2.2 Battery systems with multiple parallel cells (nSmP)
	4.2.3 Energy savings
	4.2.4 Available capacity

	4.3 Numerical parameter sweep simulation
	4.4 Module restricted balancing

	5 New active balancing methods
	5.1 Initial position
	5.2 Design and components
	5.3 Description of the proposed circuits
	5.3.1 Type Ia: Combination of a buck and boost converter
	5.3.2 Type Ib: Type I with a bidirectional converter
	5.3.3 Type IIa: Buck-boost converter
	5.3.4 Type IIb: Bidirectional buck-boost converter
	5.3.5 Type IIIa: High- and low-side buck-boost-converters
	5.3.6 Type IIIb: High- and low-side buck-boost-converters


	6 Balancing algorithms and simulation model
	6.1 Analysis tool selection
	6.1.1 Performance relevant battery and balancing parameters
	6.1.2 Options for performance analysis

	6.2 MATLAB numerical simulations
	6.2.1 Algorithm flow diagram
	6.2.2 MATLAB code (m-file)
	6.2.2.1. Cell-to-Stack-to-Cell C2St2C algorithm
	6.2.2.2. Balancing algorithms for the other methods
	6.2.2.3. Batch simulation


	6.3 Balancing converter efficiencies
	6.4 PLECS equivalent electronic circuit simulation
	6.4.1 Simulation setting
	6.4.2 Battery model
	6.4.3 Simulation model


	7 Hardware implementation
	7.1 DC/DC converter
	7.1.1  Evaluation of components
	7.1.2 Decision on components
	7.1.3  Hardware design

	7.2 Switch-matrix unit
	7.2.1  Evaluation of components
	7.2.2 Decision on components
	7.2.3 Hardware design

	7.3 Firmware
	7.3.1 Model-based programming and automatic code generation
	7.3.2 Firmware design

	7.4 BMS controller
	7.5 Configuration of the demonstration prototype

	8 Results
	8.1 MATLAB numerical simulations
	8.1.1 Simulation parameters
	8.1.2 Cell equalization for the different balancing circuits
	8.1.3 Summary

	8.2 Verification by electronic circuit simulation
	8.2.1 Simulation parameter and equipment
	8.2.2 Cell equalization
	8.2.3 Balancing during battery discharge

	8.3 Measurements
	8.3.1 Measurement equipment
	8.3.2 Test battery system
	8.3.3 Voltage measurement
	8.3.4 Passive balancing
	8.3.5 Active balancing with reference board
	8.3.6 Active balancing with Type IIa prototype
	8.3.7 Findings

	8.4 Part count

	9 Discussion
	9.1 Comparison by spider chart
	9.2 Applicability of the proposed methods
	9.3 Challenges
	9.4 Outlook
	9.4.1 Future applications
	9.4.2 Additional features
	9.4.3 Continuation of the work

	9.5 Conclusion

	Bibliography
	Lists
	A List of acronyms
	B List of figures
	C List of tables

	Appendices
	A Additional patented circuit configurations
	B m-file: Calculation of available capacity
	C m-file: Batch simulation
	D m-File: Module restricted balancing
	E m-File: Definition of battery model parameters
	F m-File: OCV-curve fitting
	G m-file: Initialization of PLECS simulation
	H LT8708 Efficiency measurements
	I BoM of DC/DC converter
	J Configuration settings of bq76PL455EVM BMS board
	K Schematics of the switch-matrix unit PCB
	L Schematics of the DC/DC converter PCB


